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Preliminary- studies of heat pipe systems for reactor-to-jet
engine heat transport and for emergency distribution of reactor
afterheat over the surface of the reactor containment vessel are
described. The reactor-to-jet engine heat transport system in-
cludes 5480 small-diameter reactor heat pipes, four l.irge-
dimneter adiabatic heat transport pipes, and 8:300 small-diameter
heat pipes in each of the four engine heat exchangers. The total
s y stem weight is about 47,000 lb. The emergency afterheat dis-
tribution s ystem includes 4280 heat pipes 1 in. in diameter and
11. 7 in. long, whose total weight is 3100 11).
i
v
SURINURY
A preliminary study was carried out to determine the applicahility of' heat pipes
to the design of nuclear aircraft propulsion systems. Two systems were investi-
gated: the reactor-to-jet engine heat transport system, and an emergenc y afterheat
distribution s y stem for the reactor containment vessel.
The reactor-to-iet engine heat transport system consists of hvo reactor heat
exchangers, four adiabatic heat transport pipes, and four engine heat exchangers.
In each reactor heat exchanger, 2740 small-diameter heat pipes transfer heat from
one-half of the 300 Mw reactor core to two adiabatic heat transport pipes. These
pipes in turn feed the heat exchangers for the inboard and outboard engines on each
wing. In the engine heat exchangers, 8:300 small-diameter heat pipes transfer heat
to the compressor discharge ,iir, which is heated to 14500 F. The working fluid for
all the heat pipes is sodium. The maximum heat pipe temperature is 2070 o F, and
occurs in the reactor core. The total system weight is about . 17, 000 lb.
The emergency afterheat distribution system consists of a gridwork of 4280
1-in. -diameter sodium heat pipes over the inner surface of the containment vessel.
The total weight of the heat pipes is :3400 lb. The spacing between heat pipes is one
diameter. The system is designed to remove afterheat from that portion of the con-
tainment vessel which is in contact with soil following a crash landing to the portion
which is exposed to the atmosphere. The afterheat is then dissipated into the atmos-
phere via radiation and natural convection heat transfer. The system is designed to
function at containment vessel inner surface temperatures over the range 1100 O F to
20000F.
	
It is concluded that	 t pipe systems constitute a convenient, efficient tech-
	
nique for accomplishing 1 	 transport in nuclear aircraft propulsion systems.
61. INTRODUCTION
The recent advent of aircraft with gross weights approaching 1, 000, 000 lh,
such as the C-5A, has sparked renewed interest in aircraft nuclear propulsion.
Limited design studies of nuclear-powered aircraft which can readily accommMate
the nuclear power plant shield have been carried out by NASA and the U. S. Air
Force. 1, 2 The problem of insuring safety from radioactive contamination of the en-
vironment under emergency or crash conditions has been at the forefront of these
studies.
About five years ago, a new device for transporting heat was announced. 3 1 his
device, called the heat pipe, enables heat to be transported at significant rates over
considerable distances with a minimum temperature drop and without the need for
external power. Continuing experimental and theoretical investigations, spearheaded
by Los Alamos Scientific Laboratory, have provided a basis for the rational design
of heat pipes.
Under NASA contract NAS 3-11841, a preliminary study of heat pipe applica-
tions in nuclear aircraft propulsion systems has been carried out. The purpose of
the study was to assess the feasibility of using heat pipes 1) for reactor-to-jet engine
heat transport and 2) for emergency redistribution of reactor afterheat which reaches
the inner surface of the reactor containment vessel. The studies were performed in
accordance with criteria which were compatible with nuclear aircraft propulsion sN • s-
tem design concepts currently being explored at NASA Lewis Research Center, and
with a concurrent NASA Lewis study of the nuclear characteristics of a heat pipe-
cooled reactor for powering nuclear aircraft.
In the design concept used as the basis for analysis, a single fast reactor lo-
{= -
	
	
cated above the aircraft fuselage powers four jet engines which are mounted below
the aircraft wings. The reactor and most of the radiation shield are completely en-
=	 closed by a containment vessel with the capability for intact survival of a crash land-
ing. Heat generated in the reactor is transferred to a large number of small-
diameter heat pipes which penetrate the reactor core. The heat is then transferred
from the reactor heat pipes to four large heat pipes, each of which extends between
the reactor and one jet engine. At the jet engines, heat is transferred from the large
transport heat pipes to compressor discharge air via an array of small-diameter
heat pipes.
The inner surface of the reactor containment vessel is lined with an inter-
connecting network of heat pipes. In the event of a crash the containment vessel,
while still intact, may become partially buried in soil. Reactor afterheat which im-
pinges on the nonburied portion of the containment vessel is removed from its outer
surface by radiation and natural convection heat transfer to the surrounding air heat
sink. Afterheat which impinges on the buried portion of the containment vessel is
transported via the heat pipes on the inner surface to the region which is exposed to
2
the air heat sink, whereupon the afterheat is also removed by radiation and natural
convection. Were it not for the heat pipes, that portion of the containment vessel in
contact with lo+w-thermal-conductivity soil would overheat and eventuall y melt, de-
stroy ing the integrity of the containment vessel.
The C5-A aircraft., sho++n in Figure 1, was used as a model for estimating
elevations and distances between the reactor and the jet engines. The reactor con-
tainment vessel w:is assumed to be positioned on top of the fuselage in the approxi-
mate location shown in Figure 1, with the center of the reactor core situated G ft
above the upper fuselage sur face. From figure 1, it was estimated that the heat
pipe length between the reactor and each outboard engine would he 100 ft, and that the
length between the reactor and each inboard engine would be 65 ft. Fu r ther, three
right-angle bends would be required for each heat pipe running between the reactor
and a jet engine. The vertical distance between the center of the reactor and the out-
board jet engines is about 26 ft. During a 30 degree bank, the vertical distance in-
creases to about 59 ft.
The principal design criteria used in carrving out the study of heat pipe appli-
cations in nuclear aircraft propulsion systems are listed in 'fable I. The reactor
power level of 300 Mw is ufficient for powering aircraft with gross weights some-
what in excess of 1, 000, 000 lb. (The gross weight of the C5-A is about 750, 000 lb. )
Liquid metal property data used in calculations was obtained from References 4 to 7.
In Section 11 of this report, heat pipe characteristics which are needed for the
succeeding design studies are presented. The design of the reactor-to-jet engine
heat transport system incorporating heat pipes is considered in Section III. Section
IV follows with the design of an emergencv afterheat redistribution system for the
reactor containment vessel which is comprised of heat pipes. Results of the design
studies are discussed in Section V. Concluding remarks are presented in Section VI.
3	 _;
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Figure 1. C5-A Aircr ift.
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TABLE 1.	 PRINCIPAL DESIGN CRITE'RIA FOR HEAT PIPE, APPLICATIONS STUDY
Reactor-to-Jet Engine Heat Transport System
Reactor Thermal Power :300 Mw
Thermal Power Available to Jet Engines 270 Mw
Maximum Temperature of IIeat Pipes in Reactor 21000F
Maximum Reactor Outside Diameter 6 	 in.
Reactor !nd .let Engine Locations See Figure 1
'Maximum Surface Heat Flux of Heat Pipes in
Reactor ° x 10	 Btu/ft`-hr
In-flight Acceleration and Banking Angle 1. 5 g's,	 300
Reactor Racial and Axial Peal:-to-Average
Power Distribution 1.1
Engine Heat Exchanger Inlet Air Temperature
and Pressure 5400 F, .0 psia
Engine Beat Exchanger Air Outlet Temperature 14500F
Air Pressure Drop Through Engine Iieat Exchanger 10(
Total Air Flow Rate "Through Each Engine Heat
Exchanger 275 lb/sec
Length of Engine Heat Exchanger Compressor Diameter
Maximum Diameter of Engine Heat Exchanger 7 ft
Compressor Diameter 4. 74 ft
Cross-Sectional Area of Engine Shaft <_	 1.' 16 Cross Sectional Area
of Compressor
Cruise Altitude 36, 000 ft
Containment Vessel Emergency Heat Distribution System
Inner Diameter of Containment Vessel 12 ft
Thickness of Containment Vessel 5 in.
Containment Vessel Material Columbium Alloy B66
Maximum Area of Containment Vessel Buried Area Subtended by 60 0 Solid
After Impact Angie
Heat Transfer from Buried Surface of Contain-
ment Vessel to Ground None
:Maximum Deceleration i 1pon Impact 350 g's
Maximum Temperature of Containment Vessel
After Impact 20000F
Emibsivity of Cnntainn,Pnt Vessel Surface 0.9
Heat Sink Temperature 1000F
Heat Distribution System To be Capable of Omni-
directional Operation
0H. ILEA':' 1 3 1PE CHAitAC'T Ell ISTICS
A heat pi-)e is a closed tube whose internal surface is lined with a porous strue-
cure, which is referred to as a capill:u • v wick. The pores of the wick are filled with
a liquid, whose vapor occupies the renmining iuter ►Lal volume. The addition of heat
along; the exterior surface of the tube is conducted across the tube wall and wick to
the liquid-vapor interface, %\ here evaporation of the liquid occurs. The vapor formed
flows along the tube to -,I region where he: ► t is being removed from the outer surface
of the heat pipe, whereupon the vapor condenses at the liquid-vapor interface. The
condensate formed then, travels through the wick to the heat addition zone, %%here it
once again evaporates.
The maximum rate at which heat may be transported through a heat pipe is
called the heat transport capacity. The heat transport capacity is a function of many
factors, including: heat pipe fluid, operating temperature, allowable temperature
drop, heat pipe and wick dimensions, x% ick pore size and pore size distribution, xvet-
ting characteristics of the heat pipe fluid, and heat pipe orientation and acceleration.
These functional relationships must be know n in order to design a heat pipe with a
heat transport capacity which is qual to or greater than the maximum expected ther-
mal load.
The functional relationships are best described for design purposes in terms of
various heat transport limits, or heat transport rates at which a certain physical con-
dition develops. At least five heat transport limits have been identified: the sonic
limit, isothermal limit, entrainment limit, boiling limit, and capillary pumping limit.
The heat transport capacity of a given heat pipe under given operating conditions wi ll
he equal to the loxest heat transport limit corresponding to these conditions. The
various heat transport limits will now be discussed.
A.	 Sonic Limit
T:.e rate at which heat is transported through a heat pipe Q is equal to the prod-
uct of the mass flow rate of vapor which leaves the evaporator section and the heat of
vaporization, or
Q	 P 'A v K	 (i lv v v
where P`, is the vapor density at the evaporator exit, AV is the cross-sectional area
of the vapor space, V' is the vapor velocity at the evaporator exit, and K is the mean
heat of vaporization averaged over the evaporator length. The heat transport rate Q
becomes a maximum Q s
 when the vapor velocity V^ is equal to the sonic velocity C of
the vapor. Q s is called the sonic limit, and is given by
Qs	P '^.AvC K	 (2)
6
6It is convenient to express the heat transport rate in terms of the axial heat
flux, or heat transport rate per unit of vapor space cross-sectional area. Thus,
from Equations (1), and (2)
S— - P I VV, ;F	 (3)
AV
	
v v
Qs
AV	 P vC K	 (4)
Since all of the terms in Equation (4) are temperature-dependent, the temperature at
the evaporator exit must be known before the maximum axial heat flux hi s /Ay can be
calculated. At any point along the heat pipe, the heat pipe vapor is nominally satu-
rated and in temperature equilibrium with its liquid at the liquid-vapor interface.
Therefore, the vapor temperature at the evaporator exit will be determined by the
vapor pressure at that point.
The vapor pressure in turn is determined by the drop in pressure of the vapor
in the evaporator section of the heat pipe. The vapor pressure drop in the evaporator
consists of two components: the pressure drop due to friction Z^ Pvf and pressure
drop APvm which accompanies the generation of momentum in the vapor during the
evaporation process. It may be shown from momentum conservation conditions that
Pvm	 e PvVv2
	
(5)
when vapor velocity at the evaporator exit is V' , and
AP 2`
when the vapor velocity at the evaporator exit is equal to the sonic velocity C.
The dimensionless factor Oe in Equations (5) and (6) accounts for the fact that
the radial flow component of vapor which evaporates from the liquid surface has a
distorting effect on the axial velocity distribution of the vapor. The net result is that
more momentum is generated in the evaporator than would be predicted from a one-
dimensional analysis, and hence the momentum pressure drop AP `.m
 is larger.
When the radial velocity of evaporating vapor is much smaller than the mean axial
vapor velocity, the distorting effect of the evaporating vapor is negligible, and 'Oe = 1.
Studies of gas flow inside a porous tube through which gas is being injected indicate
that when the injection velocity is much larger than the axial flow velocity, 4e take-
on a maximum value of 1.232. 8, 9 Since the injection of gas through a porous wall
into an axially-flowing gas is quite similar conceptually to the evaporation of vapor
P
	 7
L
0into an axially-flowing vapor stream, it is reasonable to expect that 1 < 0 e < 1.232
in the evaporator section of a heat pipe.
The frictional vapor pressure drop in the evaporator I'vf is given by
_ L _ •,
QPvf	 I' 
DV 
PvV vV
where Vv2 is the mean value of Vv2 over the evaporator length, P v is the mean value
of the vapor density over the evaporator length, Le is the evaporator length, Dv is
the diameter of the vapor space, and f is the mean value of the friction coefficient
over the evaporator length. The total vapor pressure drop over the evaporator length
Pv is then the sum of Equations (7) and (5), or
Q v -	 Pv,f + Q 1'vm - f lle Pv V2 	 ep, V v2	 (8)
v
Equation (8) can also be written
f	 Lc Pv Vv	 P' V , 2	 (9)QPv 	1 +—	
^,^1 c v vC	 O e Dv p' V
V	 v
When the vapor velocity at the evaporator exit V' is equal to the sonic velocity
C, Equation (9) becomes
L P	 V"
Q Pvs - C1	 I)c PV	 2 1^ e 
p , SC2	 (10)
\	 e v vs C
Finally, we note that the vapor pressure P v, is a known function of temperature
Tv , as determined bY the vapor pressure-temperature curve for the heat pipe fluid
under consideration. If this relationship is expressed as
Pv -- 	 ITV )	 (11)
then the vapor pressure drop Q Pv can be written
(7)
Q Pv = Pv (Tvo ) - Pv (T') - Pv(Tvo) - P.,('rvo - (Tvo - T 'v ) j	 (i2)
r	 8
twhere TVo is the vapor temperature at the beginning of the evaporator and T^ is the
vapor temperature at the evaporator exit.
In Equation (12), the vapor pressure drop APV is seen to be a function of the
temperature T vo and T^ , or of Tvo and the temperature drop TVo - r . In Equation
(10), all of the nongeometric parameters are temperature-dependent. (The param-
eter Sbe may be regarded as approximately constant. ) Therefore, the vapor pressure
drop at the sonic limit, as given by Equation (10), is also a function of the tempera-
ture TVO at the beginning of the evaporator and the temperatur e drop 1'vo - Tv .
For a given Tvo , Equations (12) and (10) thus constitute two simultaneous
equations in A Pv and ATV = Tvo - T^ , whose solution establishes the vapor pres-
sure drop A Pvs and the temperature drop ATVs at the sonic limit. The vapor den-
sity and the sonic velocity at the evaporator exit corresponding to T = Tvo - ATV
are then readily determined front vapor density-temperature and sonic velocit y -
temperature curves. The axial heat flux corresponding to the sonic limit can then be
found from Equation (4).
Since Equation (10) is a function of the length--diameter ratio Le /Dv
 as well as
the temperature Tvo and the temperature drop Tvo - T^ , the sonic axial heat flux is
also dependent on L e /Dv . . For purposes of this study, Equation (10) was simplified
by letting the quantity in parentheses be equal to unity. To compensate for this under-
estimate in A Pvs (which could be as much as a factor of 2 for an L e /Dv
 on the order
of 25 to 50), 4e was taken to be its maximum value of 1. 232 and the sonic velocity
(which varies as ^/_T) was evaluated at Tvo instead of T v; . The equilibrium sonic
velocity was used for C.
In Figure 2, typical plots of A PV
 versus ATV are shown for sodium at
TV0 = 1900°F. Curve A is a plot of Equation (12), using data from the vapor pres-
sure curve for sodium. Curve B is a plot of Equation (10), simplified as was de-
scribed above. The intersection of curves A and B represents the solution of the
simultaneous equations. From Figure 2, the vapor pressure drop A Pvs is 25. 5 psi
and the vapor temperature drop AT Vs
 is 1840F. The vapor density P vs correspond-
ing to an evaporator exit temperature of 1900 O F - 1840 F	 1716OF can then be found
from the vapor density-temperature curve for saturated sodium vapor and substituted
into Equation (4) to obLain an axial heat flux at the sonic limit of 554 kw/in 2 . The cal-
culational technique just described results in a sonic axial heat flux of 1. 02 k-w/cm2
at 11000 F, compared to an experimentally measured sonic axial heat flux of 1.19
k-w/cm2 10
The vapor pressure drop and temperature drop at axial heat fluxes below the
sonic limit can be found from the sonic data by the following method.
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Figure 2. Solution of Pressure Drop - Temperature Drop Equations at
Evaporator Exit for Sodium Heat Pipe at 1900()F.
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From Equations (9) and (10), using the assumptions that the quantity in paren-
thesis is unity and Oe is constant,
P,	 V,2
2 D P
vsvs C"
If V' from Equation (3) and C from Equation (4) are substituted into Equation
(13), and it is assumed that K is constant,
12
P`a ( s/Av /0 Pv - P	 Q /AV	 D Pvs
In Equation (14), the parameters Pvs , Qs/Av , and LPvs are known once the
sonic limit has been determined. Specification of the axial heat flux Q/A v
 < Qs/Av
then results in a relation between the vapor pressure drop L P v
 and the vapor density
at the evaporator exit P^ . Since Pv is a function of the vapor temperature at the
evaporator exit Tv - Tvo - (Tvo - Tv), 0 Pv is equivalently expressible as a func-
tion of Tvo and Tvo - T' . In Figure 2, curves of L Pv versus Tvo - T^ for sodium
at Tvo = 1900O F are shown for various ratios of the axial heat flux to the sonic axial
heat flux (Q/Av)/(Qs/Av). The intersection of each curve with the vapor pressure
curve A represents a solution for L Pv and Tvo - V, . For example, when
Q/Av - 0. 8 (Qs /Av ), the vapor pressure drop in the evaporator is 9. 7 psi and the
vapor temperature drop is 570F.
The methods outlined above were used to calculate curves of axial heat flux
versus temperature drop in the evaporator section for sodium, potassium, cesium,
and lithium heat pipes as a function of the temperature at the beginning of the evapo-
rator section. The curves are shown in Figures 3 to G. The following features are
evident from the curves.
1. The evaporator temperature drop at the sonic limit is well in excess of
100oF.
2. The evaporator temperature drop can be markedly reduced by operating
the heat pipe at an axial heat flux of 1/2 or less of the sonic axial heat flux.
3. At any evaporator temperature drop, the axial heat flux increases rapidly
with heat pipe temperature.
(13)
(14)
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R.	 Isothermal Limit
Cme of the principal reasons for considering tlhc use of heat pipes is the small
axial temperature drop needed to transport heat at suhslantial rates. if a heat pipe
were to be operated at the sonic limit, the resulting lark temperature drop in the
evaporator section would limit the usefulness of the heat pipe for ir:mv applications.
'Therefore, from the design standpoint, it is more useful to specifv . ► n "isothermal"
limit on the axial heat flux, which is the maximum axi. ► 1 heat flux above which the heat
pipe can no longer be regarded as isothermal.
For purposes of studving the application of heat pipes to nuclear aircraft pro-
pulsion systems, a heat pipe was assum e d to be isothcrnu ► 1 if the temperature drop
in the evaporator did not exceed 20oF.
w	 14
.r
Figure 7 shows the axial heat flux for an evaporator temperature drop of 20OF
(i.e. , isothermal axial heat flu.:) as .i function of heat pipe temperature. The data of
Figure 7 were taken from Figures :i through G. Over the temperature range 1:300OF
to 21000 F, the isothermal axial heat flux is seen to be highest for pot<g ssium. Sodium
has the second highest isothermal axial heat flux for heat pipe temperatures above
18400 F. Below 1840oF, cesium ranks second. Lithium ranks last, well below the
axial heat fluxes of the other heat pipe fluids. *
C.	 Entrainment Limit
Since in a heat pipe the high-velocity vapor is in contact with its counterflowing
liquid, the drag exerted by the vapor on the liquid will tend to disrupt the liquid-vapor
interface. If the interface were to be disrupted, liquid would be entrained in the vapor
and prevented from reaching the evaporator section at a high enough rate to prevent
burnout. The disruptive tendency of the vapor flow on the liquid-vapor interface is
offset b%•
 the surface tension force on the liquid surface. However, at a sufficiently
high axial heat flux the drag force of the vapor will exceed the resisting surface ten-
sion force, and the liquid-vapor interface will he disrupted. The axial heat flux at
which entrainment first occurs is called the entrainment limit.
An expression for the entrainment limit can be derived in the following manner.
Consider the flow of vapor in a heat pipe at velocity N' `, through the cross-sectional
area AV . The vapor flow passes over the interface with its liquid, as shown in Fig-
ure 8. The liquid-vapor interface is a square, with sides of length D p
 . At the en-
trainment limit the drag force is equal to the surface tension force, or
C D Pv V2 D2  cr DP	(15)
where Pv
 is the vapor density, a is the surface tension at the liquid-vapor interface,
and C D
 is an experimentally-determined drag coefficient.
Now
tic P v V v K	 (16)
* The relatively poor performance of lithium is a consequence of its low vapor
pressure in comparison to that of the other fluids. Above about 2100 0 F, the
vapor pressures of the other fluids become prohibitively high. Lithium would
then become the preferred heat pipe fluid, despite its lower isothermal axial
heat flux.
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where Qe /Av is the axial heat flux at the entrainment limit and K is the heat of
vaporization.
If Vv from Equation (15) is substituted into Equation (16),
1/9
AV	C DDp l
	 (17)
The entrainment axial heat flux can be calculated from Equation (17) if the drag
coefficient C D is known. Kemme has reported some entrainment limit data for a
10-micron-diameter wick in a sodium heat pipe, from which C D can be estimated. 11
Kemme suggested that C DDp = 5D p  , from which C D
 = 5. However, a better fit to
his data is obtained if C D _ 3.33. If these values are substituted for C D
 in Equation
(17),
Qe	 U
^,	
P K21
1/2
= (0.447 to 0.548)	 v
D 	 J (18)
Equation (18) was used to calculate the entrainment axial heat flux. In perform-
ing the calculations, the fluid properties were evaluated at the nominal (maximum)
heat pipe temperature, and DP was taken to be the effective pore diameter. In most
ases, the entrainment limit is well below the isothermal (20o F maximum tempera-
ture drop) limit, so that the use of nominal heat pipe temperatures is justified.
1.7
fit must be emphasized that the constant in Equation (18) is based on very limited
data for one particular wick under a limited range of operating conditions. The drag
coefficient C D , from \\hich the constant in Equation (18) \vas derived, can be expected
to depend on the t y pe of wick e naplo yed (i. c. , whether composed of screens, porous
sheets, sintered, fibers, etc. ), the dimensions of wick structural elements (wire
diameter, fiber diameter and len(P' th, etc. ), and the radius of curvature of the liquid-
vapor interface at the point of entrainment. Consequently, the calculated entrainment
limits must be regarded as provisional ,in([ subject to modification as additional data
become available.
The entrainment limit is proportional to P 1;A2 , while the isothermal limit varies
directly as PV - Therefore, the entrainment limit increases more slowly with tem-
perature than the isothermal limit. Hence, above some temperature the entrainment
limit will be smaller than the isothermal limit. The smaller the pore diameter D11^
the larger will be the entrainment limit and the higher the temperature above which
the entrainment limit becomes smaller than the isothermal limit.
In Figure 9, the smaller of the entrainment and isothermal limits at a given
temperature is plotted against heat pipe temperature. The smaller constant iii Equa-
tion (18) was used to calculate the entrainment limit. For a wick pore diameter of
2 microns, it can be seen that sodium has the highest axial heat flux limit when the
temperature is above 1630 0 F. Below 16;Oo F, the highest axial heat flux limit occurs
with potassium. For a wick pore diameter of 20 microns, the axial heat flux is hi gh-
est for sodium heat pipes at temperatures in excess of 13200F.
D.	 B,)fling Limit
Boiling in the evaporator section of a heat pipe is considered undesirable, be-
cause the vapor bubbles formed can clog the wick pores, impeding liquid flow and
eventually leading to burnout. The maximum surface heat flux which can be sustained
at the surface of the evaporator section without the onset of boiling is called the boil-
ing limit.
A necessary prerequisite for the onset of boiling is the presence of nucleation
sites. These most commonly are small gas or vapor-filled cavities in the heating
surface which is in contact with the liquid beir heated.
A second prerequisite for the onset of boiling is that vapor bubbles which form
as the result of evaporation of adjacent liquid into the nucleation sites must be capable
of growing to a :metastable size. A bubble his reached metastable size when its diam-
eter Db is just equal to the effective diameter of a nucleation site. Then the internal
vapor pressure P`, is just balanced by tine sum o: the extc-rnal liquid pressure P i and
the maximum pressure clue to surface tension 4Q,/Dn , v. , here D  is the nucle<tion site
diameter. At the metastable condition the vapor bubble and surrounding liquid are in
frk	
temperature equilibrium at the temperature T `,b corresponding to the saturated vapor
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0a.. pressure Pv . Since the liquid pressure P I < Pv , the saturation temperature TS
corresponding to P I is less than T V . The temperature difference p'1' vs 	 I'vh - TG
is called the superheat required for the initiation of boiling.
Once the bubble diameter F) l) has become equal to the nucleation site diameter
Df^ , the surface tension pressure -1 Q!D b = 4Q/Dn is ;1 maximun1. A further increase
in the internal pressure P `. (resulting from an increase in the liquid temperature ► can
no longer be balanced if the buhhle continues to adhere to the nucleation site, and the
bubble either grows indefinack large or is dislodged fr(Mm the nu0cation site.
In the evaporator section of a heat pipe, the liquid in the wick is always super-
heated, since the liquid pressure is always less than that of the saturated vapor on the
concave side of the liquid-vapor interface. The m;1ximum superheat occurs at the
heat pipe wall, where the liquid temperature is highest. Boiling will not occur in the
heat pipe if
4a- T , l
Pv(Tv,) - PI <	 \,	 N 9)
1)11
where TW is the inside temperature of the heat pipe wall.
At the curved liquid-vapor interface, equilibrium between the two phases re-
quires that
4a(T% i
Pv (1 v ) - P 1 	 D
C
where Dc is the diameter of curvature of the liquid-vapor interface. Actuallv, POT I
 )
rather than Pv (Tv ) should be used in Equation (20), where 'I' I
 is the liquid temperature
at the liquid-vapor interface, but T v is more readil y known and the difference T I - Tv
usually does not exceed a fe\\ degrees .
f'? fl l
If Equations (19) and (2P) are comhined,
<„	 [ Pv (T« ) - Pv ('I'v ) I (21)Dc	 Dn
Equation (21) represents a general criterion for nonboiling in heat pipes. A restric-
tion is placed on the maximum value of the surface tension pressure 4o-(T V )/Dc and
hence on the minimum va10c of the diameter of curvature 1) c
 at the liquid-vapor inter-
face. Note that the diameter of curvature D c
 must always be greater than the nuclea-
tion site diameter Dn
 if boiling is not to occur.
20
The use of Equation (21) requires some knowledge of the nucleation site diam-
eter Dn . Unfortunately , data on boiling in liquid metal heat pipes, from which Dn
could be estimated, have not been reported in the technical literature. However, it
is unlikely that Dn will be larger than the diameter D  of the pores in the heat pipe
wick. A conservative approach is then to assume that D n = D  , and to let Tw - Tv
be larger than the maximum expected AT through the heat pipe wick under the maxi-
mum anticipated heat flux. The resulting value of 4o-(T v )/Dc , as obtained from
Equation (21), can then be used in the heat pipe design with good assurance that boil-
ing will not be a problem. This is the approach which has been used in the studies
presented in this report.
E.	 Capillary Pumping Limit
The flow of fluid through a heat pipe is accompanied by pressure drops in the
liquid and vapor phases. Since the liquid and vapor move in opposite directions, their
pressures at a given point along the heat pipe will in general not be equal. The dif-
ference between the vapor pressure Pv and the liquid pressure PI is balanced by the
surface tension at the liquid-vapor interface according to the relation
	
P - P - 2 (r = 4Q	 (22)V 1
	
RC	 Dc
where o- is the surface tension and R c
 is the radius of curvature of the interface. With
a fully wetting liquid, the maximum differential pressure which can be balanced by
surface tension occurs when the radius of curvature R e is equal to RP , the largest
effective radius of the pores in the capillary wick at the liquid-vapor interface. The
heat transfer rate at which
	
PV - P1 - 
Ro-Do-(23)
	
P	 p
at any point along the heat pipe is called the capillary pumping limit. If the heat trans-
port rate is increased beyond this limit, the liquid-vapor interface will be disrupted
and the heat transport capacity will drop sharply.
The variation of the vapor pressure over the heat pipe length can be inferred
from measurements of the temperature distribution over the heat pipe length, if it is
assumed that the vapor is always in the saturated state. However, the pressure dis-
tribution in the heat pipe liquid is not readily measured. Calculation of the capillary
pumping limit therefore requires that certain unverified assumptions be made regard-
ing the liquid pressure distribution. The assumption most frequently made is that,
when the capillary pumping limit has been reached, the liquid and vapor pressures
are equal at the condensing end of the heat pipe. From Equation (22), the radius of
curvature R  at that point is then presumed to be infinite.
21
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The pressure distribution for a vertical heat pipe whose evaporator sec • lion is
at the top is shown in Figure 10. The assumption th:it the lictuid And vapor prestiures
are equal at the condenser end Nis been used. (Note that there is an adiabatic section
of the heat pipe between the evapwrator ;ind condenser sections. ) It is seen that the
vapor pressure drop has two components — that due to friction	 Po . and that g lue to
the generation Of nlonle ntunl in the ev;ipm%ito^r A 1 w n1
The liquid pressure drop ;ilso h:is two components — that due to friction 01'11•
and that due to the liquid gravit y head A Pill • if the heat pipe were reversed, OW
gravity head would represent a pressure increase, reducing the overall lictuid pres-
sure drop. The oriclltAtion +\ Ilich results in the largest prestiure (11-01) — namek that
shown in Figure 10 —should be used as the basis for desi,n %k hen nonhori•r.ontal
orientation of heat pipes is anticipated. If a heat pipe is subjected to upward external
acceleration, the effective li(tuid gravit y head will then be it	 n) times that due tai
gravity alone, where n is the number of g's of external m-ccleratiOn.
From Figure 10, the MAXimunn difference between the vapor pressure P,. and
the liquid pressure PI Occurs at the evaporator end. From Equation (23), this pres-
sure difference is equal to 2c!R p at the capillary puliping limit. The pressure dif-
ference Pv - P I at the evaporator end can be expl-essc(I ;iti the sum of the various fluid
pressure drops in the heat pipe, as can be seen from F igurc 10. 'Thus, one can write
2a
t;	 A l)wf	 I'^ m ;	 I'lf	 I'lh	 (21)
I^
Expressions for the various pressure drops in Equation (24) will now be given.
1.	 Liquid Head Pressure Drop
The pressure drop L 1'111 ' l ue to the liquid head is given bw
	
I ' lh	 f 1 ' n) `^ 11'1)
	
(25))
where n is the number of g's of upward external accrler;ition, w l
 is the specific
weight of the heat pipe liquid, and L p
 is the heat pipe length. If the heat pipe is not
in a vertical position, Equution (25) should be multiplied bw sin 8. where 8 is the
angle between the heat pipe and the horizontal. The angle 8 is positive when the con-
denser end is below the evaporator end.
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2.	 Vapor Momentum Pressure Drop
The vapor pressure drop APvme due to momentum generation in the evaporator,
and the vapor pressure rise APvmc due to momentum loss in the condenser, may be
expressed as
	
Pvme - 95 epvVv2	 (26)
	
A Pvmc - 0 cpv Vv, 2	 (27)
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where P`. and V' are the vapor density .Intl mean vapor velocity at the evaporator exit
and Oc and (Pc are coefficients which indicate the depar ture of molnentunl change from
that predicted from simple one-dimension a l flow cons ider : Itions.
The overall vapor pressure drop resulting from nlomcntunl changes ^s 1'\,111 can
then be expressed :1s
1)	 13
 -
	 1'vmc	 I nc , - 0c, 
PVVV3	 (28)
Studies of the flow of gas through porous walls into mid out of a cylindrical flow
passage indicr to that for very large wall flow rates, O U	 1.'332 and Oc = 0. 500. 3' 9
Since the process just described for gas flow through porous walls is quite similar to
the evaporation and condensation processes in :I heat pipe, the above values for q5c
and 0. may be considered as limiting values for the prediction of maximum pressure
changes resulting, from nulmentunl (eneration and destruction in n heat pipe.
From Equation (2 8), the maxinlunl value of Z^ I'vn1 is then
'^
^ 1)	 (1.'332 - 0.500) P v"' 2	 0. 732 PVVv 
2
The minimum value of A I'vm is zero, which corresponds to complete momentum re-
covery in the condenser.
In most heat pipes, the overall v:Ipor pressure drop clue to momentum changes
is probable considerably less than the II IIXin1U111 given by Equation (29). Nevertheless, 4
it is advisable from the standpoint of design conservatism to use Equation (29) for cal-_
culating L PVM, :Ind this course has been followed here.
3.	 Vapor and Liquid Frictioivil Pressure Drops
The vapor and liquid frictional pressure drops in volve three separate terns:
the pressu re drop in the evaporator and condenser when the flow is laminar, the
pressure drop in the evaporator and condenser when the flow is turbulent, and the
pressure drop in the adiabatic section. The frictional vapor pressure drop expres-
sions will he developed on the assumption that the vapor density is constant. This is
a reasonable assumption when the temperature drop along the heat pipe is 20 O F or
less, a condition which was adhered to in carrying out the heat pipe design calcula-
tions.
The general expression for pressure drop 1 1) in a constant density fluid is `
1'	 f I" P V2
D 2
('-'9)
(30)
D vm
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ewhere L is the flow length, D is the hydraulic diameter of the flow passage, P is the
fluid density, V is the fluid velocity, and f is the coefficient of friction. The hydraulic
diameter D is given bti'
D	 4A
I'
where A is the cross-sectional area of the flow passage and I' is the wetted perimeter.
For a circular flow passage, D is equal to the circular diameter.
For laminar flow, the friction coefficient f may be expressed as 12
f	 64
Ile	 (32)
The Reynolds number Re is given by
Re -- Pt'D	 (33)µ
where µ is the viscosity of the fluid. The flow is assumed to be laminar for Reynolds
numbers up to 1600, and turbulent for Reynolds numbers exceeding 1600.
If Equations (32) and (33) are substituted into Equation (30), the pressure drop
Pi for laminar flow becomes
P	 32µLV
1	 ^
D2
In the evaporator and condenser, if heat is added and removed at a constant rate
ner unit length (as has been assumed), the fluid flow rate and velocity will vary linearly
with distance. In this case, the average velocity V 1 /2 can be used in Equation (34) in
place of V to obtain the total pressure drop over the laminar flow length. Thus,
16pLIVI
D PI -	
.,
Dr
where L PI is the pressure drop over the laminar flow length L1 and V1 is the maxi-
mum flow velocity at which the flow is laminar (Re < 1600).
If the heat addition rate to the evaporator section is sufficiently large, the
Reynolds number will exceed 1600 and the flow pattern will become turbulent.
(31)
(34)
(35)
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0Integration of Equ-ttiun (:I0) over the turbulent flow length 1. t on the assumptions that
the friction factor f is constant and V varies linearly \^ ith distance gives the result
Lt	
m	 ill	 ^/l	
J1)	 6	 VIII
	 \ y m
Where ^ 1' t is the pressure drop over the tu r bulent length L t , V ►» is the nlaxi ►11Um
turbulent flow velocit y , and V 1 is the maximum Iandnar flow velocity (i.e. , flow
velocity at Re	 1600). if L t iS t:ciccn as the turbulent Ilow length in both the evapor-
ator and condenser regions, then Equation (:3(;) gives the total turbulent pressure drop
in the nonadiabatic sections of the heat pipe.
The friction factor f ill 	 (:36) is a slowl y vn i- ing function of the mean
Reynolds number in the turbulent flow region and the relative roug-hness of D (ratio of
average height of surface irrc};ul.crities to the h y draulic diameter). The friction fac-
tor varies from a minimum of 0. 018 at e/ D
	
10-5, Ile
	
105, to a maximum of
0.052 at e/D = 10 -2 , Re	 3 x 103.13 A reasonable figure for f in the absence of
specific data on e D is f
	 0.0 . 10. This value was used for f ill 	 caiculations
r.hick were carried out for the sLUdy reported here.
In the adiabatic section of length La
 , the velocit y is c • onslant and equal to the
velocity at the evaporator exit. The pressure drop for laminar adiabatic flow A I'll
is given by Equation (34) with I. - La and V	 VI . Thus,
I'la
	
32 f"La\1l	 (37)
D`
For turbulent adiabatic flow, the turbulent adiabatic pressure drop is given by
Equation (30), with L - La
 and V - V m . Thus,
2
- f L'; P Ill	 (38)to	 1)
4.	 Nin ximum Heat Transport Rates for Laminar I'low
In order to calculate the capillary pumping limit, the velocities ill
	 pressure
drop equations must be expressed in terms of the heat transport rate Q. The equa-
tions relating Q and the flow velocities are:
Q	 K P v VvA v	 KPIVIAI	 t:iSf)	 -
26	 --
'	 i
6where K is the heat of vaporization, the subscript v refers to the vapor, and the sub-
script 1 refers to the liquid. The velocities Vv, and V, are maximum flow velocities,
and occur at the evaporator exit.
It is desirable to identif y the ►naximum heat transport rate for laminar flow Q) .
If the exit flow• from the evaporator i.; laminar, then flow w ill be laminar over the
entire heat pipe length. If the exit flo v is turbulent, then the transition from laminar
to turbulent flow will occur at a distance Lei from the evaporator end of the heat pipe,
and the transition from turbulent to laminar flow will occur at a distance Lel from the
condenser end of the heat pipe. For uniform heat addition anti removal rates,
t ^l	 Lei	 I'(.1
Q	 I.e	 Le
	
(40)
where Le
 is the evaporator length and Le is the condenser length.
The heat transfer rate Q, at which the laminar-turbulent flow transition bikes
place can be found by substituting V from Equation (:33) into Equation (39), and letting
Ile have the maximum value for laminar flow. If value of 1600 is used for Re, then
A
Q11 - 1600 Kµ) nl (for liquid)	 (41)
1
Q1v - 1600 Kµ ` DAV (for vapor)	 (42)
D
v
The heat pipe cross-section which was used in the etudies reported here is
shown in Figure 11. The circular vapor space of diamete Dv is enclosed by a two-
lavor wick. The laver next to the vapor space is a porous sheet of thickness t p
 . -'he
second laver is a flow annulus of thickness t,a . The thickness of the enclosing wall
is tv.
The two-laver wick was selected because it permits the independent selection of
the pore size at the liquid-vapor interface and the pore size in the axial liquid flow
passage. Achievable heat transport rates are then much higher than would be the case
with a single-laver wick and a single effective pore size. 14 Also, the higher heat
transport rates with the two-laver wick can be achieved with a thinner wick and hence
a lighter heat pipe than is possible with a single-layer wick.
P,	 ::7
28
t
f-
Figure 11. Cross-Section of Heat ripe
With Two-Laver Wick.
t	 _ ^^
aFor the cross-section of Figure 11, the 4draulic diameter D l of the lig-iid
annulus is
Dl = Dw - ( Dv + 2tp )	 2t,a 	(43)
and the liquid flow area is
	
tAl	 rr (I)v + 2tp) t,a [ 1 + _ 	 a	
)	
(44)\ Dv  2 t
If tp < < D., and t. a << Dv , it may be shown that hen Equations (43) a..d (44)
are substituted into Equation (41),
	
till - 800 7r KµlDv	 (45)
Note thot 1111 , the maximum heat transport rate a[ which the liquid flow is laminar,
does not depend on the thickness t, a of the flow annulus.
The vapor cross-sectional flow area A V is
	
Av	
^ D2 	(46)
Upon substitution of Equations (46) into Equation (42) for Q l`, , the maximum heat
transport rate for laminar vapor flow,
	
Q I ,.. = 400 7rK^UVD`,	 (47)
In Figure 12, QII/Dv and Ql,r/Dv are plotted as a function of tc«iperature for
sodium and potassium heat pipes.
5.	 Capillary I'uinping Limit Equations
1
Equations (25), (29), (35) through (40), (43), (44), and (46) may now be used with
Equacion (24) to obtain expressions for the maximum heat transfer rate Q  as deter-
mined by the c^nillar^, pumping limit. Since the sonic, isothermal, and entrainment
limits are given in terms of the axial heat flux, it is convenient to express the capi'lary
pumping limit in terms of a limiting axial heat flux £ c , where
= QC
	
c	 ^	 (48)
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IThe following relations for Cc may then be derived for a M-o
-laver wick with an
annular liquid passage.
Laminar Flow in Vapor ;uu! I iquid
2a _ 16µv(LP - L.; I^ c I	 21,.1 \ + 0.732Cc
+	 /IRp	 KP`.D-	 I.p - 1,.a	 K`^P %,
4 1 0 - L)Dv c	 21
1 +
	 + (1 + n)w i Lp	 (19)
KP 1 
t:;
	
LP - I.a )
Laminar Floe in Vapor, 'Turbulent Flow in Liquid at Condenser Exit
2 a 16µ(L 1) - 1,11)5 C	 21,11	 0. 7320 C
	
µ 1 1,( p - L. 1
 ) Y^ D vC C1 ^	 + -R	 L - L
	 '	 :3p	 KP`,D^	 p	 a	 K P
	 KPIt
f1D`.^2(Lp - II )
	 3La
	2 	 1g,(Y)+L-- L ]+(1 + n)xv L p	 (50)192 K p i t 3` p 	 a
T urbulent Flow in Vapor at Evaporator Exit, Laminar Flow in Liquid
2	 2	 22a,16µ` ( L ) - La)Y.^^c	 f%rcc	 3L	 0.732
R 	 KP D
	 6K P D` 1
9v (y) Lp-La
K P
	
V V	 `
f` i (L ^ - L,^ )D VCc
	
21,
+	 I KP t3	 1 + L - La)+ (1 
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fTurbulent Flow in Vapor :it Vv:ipor:itor Exit, • f m-hulent I low in Liquid at
Condenser Exit
	
•?	 2
2o-	 1(iµ`.(1.1 - 1.)y ` . ^ c .	 f`.Fc,	 r	 3La	 0. 7:12CC
Rp	
KP` I)	 G K P`•D`,	 111) - I.,a	 K - Pv ^
µ 1 ) l la - 1_,a)y11)^. e	 f11)\.^(,(I 	 - 11	
h1^Y)	
31.,a_	 (1	 n)w1Lp
c	 ^ KP 1 t 	 1J_K`P1t
In Equations (501, 151), and (52),
(,)11	 2Y1	 (1	 gi(y) - (1 - Y 1 i )I	 Y 1 'yi)
Y v - 
Q,v	
gv(Y)	 (1 -Y^.1 0 , X v 'Yv)
Q11 is given by Equation (45), and 01` , is given hV F(lu:Itiora ( 17).
For specific(] heat pipe dimensions, a trial-and-error solution is generally re-
quired to find i e . That is, one assumes a value for £ c , calculates y 1 and y v ,  and
solves for Rp . The process is repeated until :a value of C c is found for which the
calculated R p equals the value which was initiall y selected.
Equations (49) through (52) can also oe used to calculate the axial heat flux
corresponding to a radius of curvature Re > la p .
As has alreadv been noted, the above equations are based oil the assumption of
an infinite radius of urvature at the end of the condenser section of the heat pipe.
This assumption has lead to the conclusion that the liquid column in the flow passage
can be axial tension in some circumstances. 10
An alternate assumption is that the liquid-vapor interface acts as an adherent
membrane when in contact. with the solid wick structure, which can expand into a wick
pore (Pv > P1 ) or out of a wick pore (P 1 > Pv ). A liquid pressure in excess of the
	 4
vapor pressure could then be postulated :at the end of the condenser section, and it
	
IL
would not be necessar y
 to conclude that the liquid is in tension.
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(52)
(53)
i	 •^
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The assumption of an infinite radius of curvature at the condenser end of the
heat Pipe is conservative if the liquid is not under tension (i.e. , the liquid pressure
is greater thin zero). 'Therefore, Equations (49) through (52), which were derived
on the assumption of an infinite radius of curvature at the condenser end, were used
subject to the restriction that the liquid Pressure P I > 0.
I111. REACTOR-D)-JET ENGINE HEAT 'l kANSI'( )l{'I'
The preliminary design of a reactor-to -jet engine heat transport s y stem which
relies exclusivel y on heat pipe; \\ ill nosy he considered. In :i heat pipe the transpor
of heat is ;cccomplislied \i:i	 internal flo\y of OW heel pipe fluid. 'flocs,
pumps And their associated power drain, Much :ire c • har;wtcrisiic of conventional
forced convection liquid or pascous hoat t ransport s y stems, arc not present in a 11c:11
pipe heat transport s ystem. The relatively small temperature drop in a properly
designed he:it pipe s\-stem offers the potential for re(luctitill in s y stem size and weiLd t,
because of larger a yaiL• ihle temperature differences for Twat transfer hetween system
components .
.alternativel y , reactor temperatures nuts he luwercd for Imiger life or peal: co-
nine temperatures nmv he raised for greater efficiencv. The latter benefit can result
in a lower reactor power level \c hick can in turn lead to .m:illcr reactor and shield
volumes and consequent reduc lions in reactor and . iield weight. Finallv, the comki-
nation of relativel y low internal pressure and the contincnient of the heat pipe liquid
in a thin wick along the call offers the potemi:cl for significant weight reduction:, in
comparison \y ith forced convection heat t r ansport s ystems utilizing high pressure gas
or liquid metals.
Realization of the potential advanLiges cited above requires operation at power
densities be yond the capnhilit y of heat pipes \\ ith single la y er wicks. However, the
needed po%ti-er densities are achievable \\ ith
 No-Liver M irks in which capillar y pump-
ing and axial liquid pressure d rop requirements can be established Separatel y . The
capabilit y of heat pipes \\it ]. two-laver wicks tone laver of \- hich is a liquid flow
annulus) to operate at the sonic heat transport limit has been demonstrated. 10
A description: of the principal design features of a reactor-to-jet engine heat
pipe heat transport s ystem i; presented below. Then the considerations involved in
arriving at a preliminary design of the m:c jor s y stem components are discussed. The
designs were prepared in acco rdance with the criteria gi ycn in Table I.
A.	 System Description
The elements of the heat pipe heat transport s ystem are shown in Figure 1:1.
The s ystem is constructed from three major components: a reactor heat exchanger,
an adiabatic heat transport pipe, and an engine heat exchanger.
1.	 Overall System
Two reactor heat exchangers are used, each handling 150 AN- of heat. Each
reactor heat exchanger is connected to thy _) adiabatic heat transport nipes, one of
which connects with an inhoard engine heat exchnnf;er and the other with an outboard
: 1,4	
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Figure 13. Elements of Reactor-to-Jet Engine heat Pipe
Heat Transport System.
engine heat exchanger. Each of the four engine heat exchangers is rated at 67.5 Mw,
allowance having been made for a 10 per cent heat loss between the reactor and the
engines.
A sketch of the elevations and approximate distances between major components
of the heat transport system is shown in Figure 14. Figure 14 is based on the outline
drawing of the C5-A aircraft which is presented in Figure 1. During level flight, the
outboard engine heat exchanger is 26 ft below the reactor. During a 30 degree bank,
the outboard engine heat exchanger is 59 ft below•
 the reactor. The system has been
designed to operate at an acceleration of 1. 5 g's (luring a 30 degree bank.
Sodium is utilized as the heat pipe fluid in all components. TZM molybdenum
is the wall and wick material in the reactor heat exchangers and the adiabatic heat
transport pipes. * The outer surfaces of these components, which are exposed to the
* TZM moydbdenum was selected because of its high thermal conductivity, moder-
ate density, and good strength at system operating t? rnperatures. Fabrication
considerations could favor the use of a tantalum alloy su--h as ra-10W, but at the
expense of higher system weight and a larger system temperature drop (because
of the higher density and lower thermal conductivit y of this alloy).
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Figure 14. Elevations and Distances Between Major
System Components.
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batmosphere, are protected from oxidation b y a superalloy. * The superalloy Udimet
500 was tentatively selected as representative of the type of alloy needed for oxidation
protection. Portions of the engine heat exchangers which contain sodium are fabri-
cated from TZM molybdenum, clad on external surfaces with Udimet 500. Portions
exposed to hot compressed air are fabricated exclusively from Udimet 500.
The maximum metal temperature in the reactor heat exchangers is 2070"F,
and occurs on the surface of the exchanger heat pipes which penetrate the reactor
core. The minimum metal temperature is abo , it 17000 F, and occurs on the surface
of the engine heat exchanger heat pipes which first encounter engine compressed air.
The compressed air is at 70 psia, and is heated in the engine exchangers from 540OF
to 14500 F. Most of the 370 O F system temperature drop accompanies the conduction
of heat through exchanger walls.
The sodium temperature varies from about 2000 0 1" to 1990 O F in the reactor heat
exchangers, from about 1890 O F to 1880O F in the adiabatic heat transport pipes, and
from about 18250 F to 1750O F in the engine heat exchangers. In the engine heat ex-
changers the sodium temperature is relatively constant in individual heat pipes, but
varies from heat pipe to heat pipe along the flow length of the compressed air which
is being heated. The maximum sodium vapor pressure of 71 psia occurs in the re-
actor heat exchanger heat pipes.
A two-component wick is used in all heat pipes. The wick consists of a thin
porous sheet separated from the heat pipe wall by a liquid-sodium-filled flow space
(see Figure 11).
Dual-wicked heat pipes, with both external and internal wicks, are used in the
reactor and engine heat exchangers, as shown in Figure 15. The section of a heat
pipe with the external wick extends into the vapor space of the adiabatic heat trans-
port pipe. The external wick is connected to the wick of the heat transport pipe. The
remainder of the heat pipe extends into the reactor heat source (in the reactor heat
exchanger) or into the compressed air heat sink (in the engine heat exchanger).
In the reactor exchanger, reactor heat evaporates sodium in the internal heat
pipe wick. The sodium vapor then condenses on the internal wick in the zone oppo-
site the external wick. The heat of condensation which is released causes the evapo-
ration of sodium in the external wick. The sodium vapor formed then travels down
the adiabatic heat transport pipe to the engine heat exchanger where it is condensed.
The condensate returns to the external wicks of the reactor heat exchanger heat pipes
via the wick of the adiabatic heat transport pipe.
*	 Because of the difference between the expansion cc,'^fficients of TZM and the
superalloys, the superalloy may be applied as a protective jacket rather than as
a continuously bonded cladding. Since heat is not transferred through the outer
component surfaces, this is an acceptable procedure.
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Figiire 15. I)ual-Wick lie:.: Pipe Configuration.
In the engine heat exchanger the process just described is reversed. Sodium
vapor in the adiabatic pipe condenses oii the external wicks of the engine heat ex-
changer heat pipes. The heat of condensation causes sodium in the inner wick to
evaporate. The sodium vapor formed condenses in the portion of the heat pipe length
without an external wick, which is located in the compressed air stream. The heat
of condensation which is released then passes into the compressed air stream.
2.	 Reactor Ileat Exchangers
Each of the two reactor heat exchangers emplovs 2740 dual-wick heat pipes of
the type shown in figure 15. The total heat pipe length is :39.4 in. , and the outer
diameter is 0. 596 in. The vapor space diameter is 0.500 in. The TZitl inner porous
wick is 5 mils thick, its porosit y is :30 per cent, and its effective pore diameter is
2 microns. The adjacent sodium flow annulus is 10 mils thick. The thickness of the
TZ M wall is 33 mils over the 24 in. length which penetrates the reactor core. The
wall is 16 mils thick over the 15.4 in. length which extends into the adiabatic heat
transport pipe vapor space. The external wick has a 12-mil-thick sodium annulus
and a 5-mil-thick TZM porous sheet with :10 per cent porosity and an effective pore
diameter of 1.5 microns.
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The heat pipes are aligned parallel to the reactor axis within a 45-in. -diameter
c0inder, and are equall y space(' in a staggered arrangement. The center-to-center
spacing between adjacent rows is 1. 282 diameters. Of the 24-in. length of the heat
pipes which ex-ends into the reactor, 20 in. are located in the core. The remainder
constitutes an adiabatic section which is presumed to pass through a 4-in. -thick re-
flector. The average thermal lotid per heat pipe is 54.9 kw. The maximum thermal
load is 60.4 kw.
The 15.4-in. length of the lieat pipes which is dual-wicked penetrates the face
of the heat exchanger enclosure which is adj^cent to each end of the reactor. The ex-
ternal wicks of the heat pipes are connected to the wick which lines the irurer surface
of the enclosure. The heat exchanger enclosure consists of two contiguous half-
cylinders 46.2 in. in diameter as is shown in Figure 16 (.also see Figu res 18 and 23).
Each half-c0inder is connected via a transition section to an adiabatic heat transport
pipe, one feeding an inboard engine and the other an outboard engine. The overall
length of the enclosure (i.e. , distance be yond the reactor end face) is 23.4 in. The
enclosure has 238-mil-thick TZAI walls which are clad with Udimet 500 on the ex-
terior surfaces. The interior surfaces are lined with a 30-mil-thick TZM sheet of
30 per cent porosity and an effective pore diameter of 1. 5 microns. The porous
sheet is spaced 0.3 in. from the walls, thus forming a flow passage for liquid
sodium.
The weight of the heat pipes in both heat exchangers is 4280 lb, and that of the
t^N-o enclosures is 1 .132 lb. The total weight of the two reactor heat exchangers is
5712 lb. The mower densit y in the heat exchangers (excluding the transition sections)
is 10 )vlw/ft3.
3.	 :'lcliabatic Heat 'transport Pipes
Two adiabatic heat transport pipes extend from each reactor heat exchanger to
the two engine heat exchangers on each wing. Each pipe is sized to transport a ther-
n-al load of 75 A'Iw. The pipe to the outboard engine is 100 ft long, and that to the in-
board engine is 65 ft long. There are three right-angle bends in each heat transport
pipe. The outside diameter of the pipes is 21.8 in. The pipe temperature and inter-
nal sodium vapor pressure are 1880O F and 45 psia. The pipe walls are 111-mil-thick
r7.M, clad on the outside with Udimet 500. The interior surfaces are lined with a
30-mil-thick TZM sheet of :30 per cent porosit y- with 1. 5-micron-diameter pores.
The sheet is spaced 0. 752 in. from the wall to form a floe' annulus for liquid sodium.
At the reactor end the adiabatic heat transport pipe wall and wick are connected
directly to the wall and wick of the reactor heat exchanger enclosure. At the engine
end the pipe wall and wick are connected directly to Lhe wall and %tick of the engine
heat exchanger enclosur
	
Thus, a continuous path is provided for the flow of so-
dium vapor from the reactor to the jet engines and for the flow of liquid sodium (via
the wick flow passage) from the engines to the reactor.
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Figure 16. Reactor Heat. I?xchanger Configuration.
The weight of the two adiabatic heat transport pipes between the reactor and the
outboard engines is 10, 5:3 .3 lb. I'hc %%eight o." the two pipes between the reactor and
the inbonrcl engines is 62SO lh. The tot:il weight of the four pipes is 17, 01 .1 lb.
4.	 Engine heat I•:xchangcrs
'I he engine heat exch:mger ^onfiguration is shown in Figure 17. 'Three evlin-
dric:el walls divide the exchanger into two flow passages. The inner wall permits
passage of the engine shaft, and also serves as the inner wAl of the compressed air
flow passage. The next c^ , lindrical wall separates the compressed air flow passage
from that provided for sodium vapor. The outer wall confines the vapor flow, and
_	 merges with the adiabatic heat transport pipe. 	 heat pipes (see Figure 15)
_	 extend radially neross both the compressed air ;end sodium vapor flow passages. The
_	 heat pines are arranged in rows spaced one diameter :cp;crt in the axial direction.
The heat pipes in a given row are in contact at the inner wall of the compressed air
flow passage.
Sodium vapor enters the engine heat exchanger from an adiabatic heat transport
pipe. The vapor flow splits in half, each hclf flowing c • ii-cumferentiallv around the
compressed air flow passage across the dual-wick heat pipes. Sodium vapor con-
(lenses tin the outer wick of the heat pipes. The condens•tte then flows along the heat
pipes to the outer wall of the vapor flew passage, :end thence out of the engine heat
exchanger to the adiabatic heat transport pipe. The heat of condensation %k hich is
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Figure 17. Engine Heat Exchanger Configuration.
released vaporizes sodium in the inner pipe wicks of the heat pipes. The vapor
formed condenses in the sections of the heat pipes which lie within the compressed
air flow passage. The heat of condensation released at this point is transferred to
the compressed air stream which flows over the heat pipes.
Each of the four engine heat exchangers is rated at 67.5 thermal km-, which
corresponds to a compressed air flow rate of 267 lb/,. • .
Each exchanger uses 8300 heat pipes. The average thermal rating p,-r heat
pipe is 8. 13 kiv. However, the heat pipes which are exposed to the incoming com-
pressed air are rated at abou t
 25. 8 k%v. The heat pipes are 36.2 in. long. The dual-
wicked section is 12. 8 in. long. The outer diameter is 0. 530 in. The diameter of
the inner vapor space is 0.446 in. The vapor space is surrounded by a 5-mil-thick
Udin:et 500 sheet Nvith 30 per cent porositv and 2--micron-diameter pores. Outside
the porous sheet is a 10-mil-thick liquid sodium annulus. Next comes the heat pipe
wall, r.,hich is fabricated from 12-mil-thick Udimet 500. The outer wick consists of
a 10-mil-thick sodium annulus which is enclosed by a 5-mil-thick T7.M sheet with
30 per cent porositv and 1.5-micron-diameter pores.
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0Each engine heat exelti g,er has an overall length of -1. 0 ft and an overall diam-
eter of 7. 4 ft. The annular ,odium vapor now passage has ;I width of 13. 8 inches.
The annular compressed air flow passage is _'::. - 1 in. wide. The c y lindrical inner
wall of the compressed air flow passage has a diameter of 1 1 . 0 in.
The outer %v:ill is fabricated from 456-mil-thick TZNI, clad WWI Cldimct 500 on
the outer surface. The inner surface of the outer wall is hounded b y a :i0-mil-thick
Tzm sheet with :30 per cent porosit y and 1. 5-micron-di;uneter pores, xhich encloses
a liquid sodium HOW :11111LI1u, 0.420 in. thick. The wall separ;sting the compressed air
and sodium vapor flo g\ p;i^^s;lges consists of -,I 45-mil sheet of I ZM on the sodium
vapor side and :I 15-mil sheet of I'dinlet 500 on the :Iir side. The valor side is lined
with a 0. 420-in. -thick sodium annulus which is bounded b y a :10-mil-thick TZAI wick
with 30 per cent porosit y and 1.5-micron-diameter pores. The external wicks of the
heat pipes connect with the \\irks  lining the sodium vapor passage.
The total weight of the heat pipes in the four engine heat exchangers is 9600 lb.
The weight of Lhe flow passage \yells in the four exchangers is 13,916 lb. The total
weight of the four engine heat exchangers is 23, 516 11). The power density in the heat
exchangers (excluding the transition sections) is 0.:39 1Iw'ft3.
5.	 System Weight Sunimm y
The total weight of the reactor -to- .jet engine heat pipe transport s ystem is
47,466 lb. The weight of major components is summarized in Table II.
TABLE II.	 \'EIGHT OF REACTc)lt-TO-JET ENGINE HEAT TRANSPORT SYSTEM
Component
	 i`'11111her Weight-lb
Reactor Heat Exchanger 2
Heat Pipes 5,480 4,280
Enclosure 2 1,432
Total 5,712
Adiabatic Heat Transport Pipe 4
Outboard 2 10,534
Inboard 2 6,480
Total 17,014
Engine Heat Exchanger 4
Heat Pipes 33,200 9,600
Enclosure 4 15,140
Total 24,740
Complete System I 47,466
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4B.	 Reactor Heat Exchanaers
Reactor-generated heat is transferred to two arra y s of small-diameter heat
pipes \\hick penetrate to the center of the reactor core from opposite sides. The heat
pipes are aligned parallel to the axis of the cylindrical core. Each heat pipe array
transfers the heat generated in its half of the reactor core (150 thermal AN-) to the
reactor heat exchanger located adjacent to the reactor core face. The heat exchangers
are located within the 12-ft-diameter containment vessel, as shown in the sketch of
Figure 18.
A cross-section of a typical core cell is shown in Figure 19. The nuclear fuel
is confined between an cuter shell and the heat pipe wall. Heat generated in the nu-
clear fuel flows radial ly through the heat pipe wall and wick, causing heat pipe liquid
to evaporate at the liqui 1-vapor interface. The heat pipe vapor flov:s into the con-
densing section, where the heat of condensation is used to evaporate the adiabatic heat
transport Liquid.
0 1 2 3 4
I n"1101 I IVIr JLIi I IVI•
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i
Figure 18. :'Arrangement of Heat Exchangers Inside
Reactor Containment Vessel.
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1. Selection of heat Pipe fluid
The total heat pipe cross-sectional area should be as small as possible in
order to minimize the volume of nonfissile material in the reactor core. The heat
pipe fluid selected should therefore have the highest heat transport capacity per unit
cross-sectional area of those fluids under consideration. Since the vapor space
occupies most of the cross-sectional area in a heat pipe with a two-laver wick, the
axial heat flux based on vapor space area is a reasonable criterion for the evaluation
of heat pipe fluids.
In Figure 9, limiting axial heat fluxes for no entrainment and an evaporator
temperature drop not in excess of 20 O F are shown as a function of heat pipe tempera-
ture for sodium, potassium, cesium, and lithium heat pipes. The entrainment limits
are based on the lower value of Equation (13), and have been determined for wick pore
diameters of 2 microns and 20 microns. Since preliminary calculations indicated that
axial heat fluxes well in excess of 100 kw/in 2 would be required, it is evident from
Figure 9 that onl y sodium and potassium merit consideration, and that wick pore
diameters smaller than 20 microns will be required.
Since the permissible axial heat flux is for sodium is higher than for potassium
for both the 2-micron and 20-micron pore diameters over the temperature range
1630 O F- 21000 F, sodium was selected n-- O,e preferred heat pipe fluid.
2. Design of Heat Pipes Within Reactor Core
Heat pipe parameters of interest include the vapor space diameter D V , the
temperature drop across the sodium annulus per unit of thickness OT /ta , the heat
transport rate per heat pipe Q, and the number of heat pipes needed for removal of
reactor-generated heat N. Formulas for these parameters are given below.
Dv -	 Le
	
(54)
	
AT  _ 1	 (55)to	k
•
Q	 n Dv 1,eq --	 1)v2
N 	 (57)
VE
45No
4	 (56)
Qr
•In Equations (5 -1) through (57 ), q is the surface heat flux based on I)`, , ^ is the
axial heat flux based on D v , Le is the length of the evaporator (heat input) section,
k is the thermal conductivit y of sodium, and Q,. is the reactor thermal power.
The maximum surface heat flux in the evaporator is specified in fable I as
2 x 106
 Btu'hr-ft-'-o F (4. 06 kw /in 2 ). It was assumed that this limitation was based
on the surface area of the vapor space. The heat flux based on the outer heat pipe
surface would then be somewhat smaller, for the same heat input rate.
In Figure 20, Dv , A T ^ to , c1, anti N/2 are plotted cis a function of the surface
heat flux q for a reactor thermal power of :300 11w, sodium heat pipes at 1900 0 F, an
evaporator length of 15 in. , and a wick pore diameter of 2 microns. The reactor
power distribution was assumed to be flat. From Figure 9, the axial heat flux C is
220 kav/in2.
Figure 20 indicates that operation ;it the limiting surface heAt flux of about
4 k-w/ in2 would require 400 heat pipes with a vapor space diameter of 1 . 1 in. for each
luilf of the reactor core. The thermal power rating per heat pipe would be 205 kw,
and the temperature drop across the annulus would he 5.50 F'mil. This temperature
drop was considered to be excessive, since the annular gap thickness was expected to
be on the order of 10 mils and the temperature drop across the annulus would be en-
countered at both the heat input and output regions of the heat pipes.
Therefore, the decision was made to use smaller diameter heat pipes at the
expense of a larger number. A vapor space diameter of 0. 5 in. was selected, for
which the surface heat flux is 1.85 kw;'in 2 . A total of 3700 of these heat pipes are
required for each half of the reactor core, each heat pipe being rated at 45 kw. The
total vapor space cross-sectional area of the heat pipes in each half of the core is
then 4. 8 ft2 , and the temperature chop across the sodium annulus is then 2. 50F/mil.
A concurrent study of nuclear characteristics of the reactor core indicated that
the core diameter should not exceed 45 inches. ` The vapor space area of 4. 8 ft•'
would then occupv more Chan 4:1 per cent of the core cross-sectional area, and criti-
cality would not be possible.
Therefore, a significant increase in the axial heat flux was necessar y . The
increase was accomplished by 1) increasing the heat p i ,)e temperature to 20000F,
and 2) using the higher of the two values for the entrainment limit [ riven b^• Equation
(18). The higher value of the entrainment limit axial heat flux is 23 per cent greater
th;^n the lower value. Therefore, the lower entrainment limit from Figure 9 for a
sodium heat pipe at 20000 F and a wick with a pore diameter of 2 microns was multi-
plied b y 1.23 to obtain a n ►aximum allowable axial heat flux of :307 kw/in 2 . The vapor
*	 Personal Communication v, • ith 11. L. Puthoff, NASA Lewis Research Center,
Cleveland, O.
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space cross-sectional area was thcu reduced to :1.44 ft 2 , air :31 per cant of the nuclear
cross-sectional area of the 45-in. -diameter core. Subsequent nucic;ir calculations
showed that a 45-in.-di;anicter core containin- heat pipes with a 0.5-in. -diameter
vapor space and an :average axial heat flu\ of 27 1 ) kw 'in-' would have a multiplication
factor )greater tlem u>ait y , ;and hence w mild be critical \k ith some Allowance for hurnup
Of nuclear fuel. The core 1011'Ua would he -10 in. , and the iwerall reactor len"th in-
cluding axial reflectors would he 49 in.
Therefore, the design of the reactor he:at pipes was continued subject to the
following specific:ltions:
1 ,W11lum v:ipmr temperature:	 20000E
Maxalnuna axi:ll heat flux:	 :307'•w%ink
Vapor space- di:uneter:	 0.5 in.
\Vial: Dora dimilet.er:	 - microns
Heat i,ilac ev:ailorntor length- 	 20 in.
a.	 heat Pine Wick
The next step was the deternainaticin of \\ ick thickness. A thickness of i mils
was arbitraril y selected for the porous laver adjacent to the vapor space. The tonal
heat pipe length-11 was taken to be 48 in. The length x\-:is comprised of a 20-in.
evaporator section which penetrates the reactor core, :a 7-in. adiabatic section which
penetrates into the reactor heat excKinger.
The annular thickness t. l was calculntecl from one of I•:duations (49) through (52).
First, Equation (21) was used to establish the minimum diameter of curvature D. for
which boiling will not occur. In order to use the equation, :assumptions must be made
about the nucleation site diameter D n and the temperature T\V at the wzill side of the
sodium annulus. The nucleation site diameter was taken to be equal to the wick pore
diameter of 2 microns. The difference between the wall temperature T W
 and vapor
temperature T v was given a \:alue which is larger than the maximum expected AT
across the wick. A value of 40 O F w:cs Assumed for 'I W - TV . The vapor pressures
Pv
 (20400 F) and Pv (20000 F) were found from the vapor pressure curve for sodium.
The minimum I)c for no boiling; in nucleation sites with diameters equal to or smaller
than 2 microns was then ealculated from Equation (21).
From Equation (56), the maximum heat transport rate Q through a heat pipe is
G0.:3 kw. From Figure 12, the maximum heat transfer rates for laminar flow in the
heat pipe vapor and liquid are found to be less than the total heat transport rate Q.
Hence, both the vapor and liquid flow streams bCC0111C turbulent, and Equation (52)
was used to en i culate taa .
*	 Personal Communication with It. L. I'uthoff, NASA Lewis Research Center,
Cleveland, O.
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eSince the reactor heat pipes are horizontal and are inclined onl y slightl y during
a bank, the liquid head was taken to be zero. The calculation of the annular thick-
ness to was then performed, \\ ith the minimum radius of curvature Re - De /2, ob-
tained as described above, being used instead of the wick pore radius Il p . Note that,
in effect, Equation (52) is used to calculate a minimum annular thickness for which
boiling will not occur,r;ither than ;t minimum thickness for which capillary pumping
failure will not occur. The calculated annular thickness was 9.5 mils. A thickness
of 10 mils was specified fcrt' purposes of design.
b.	 cleat fine Wall
The heat pipe wall must be strong enough to withstand external pressures re-
sulting from the buildup of fission product gases in the adjacent nuclear fuel. The
wall should also have a high thermal conductivity in order to minimize the tempera-
ture drop t' l rough the wall.
At the nominal heat pipe operating temperature of 2000 0 F, TZIt1 molybdenum
appears well suited to meet both the strength and thermal conductivit y requirements.
Its strength for 0. 5 per cent creep in 10, 000 hr is 22, 000 psi, 15 and its thermal con-
ductivity is „hout 60 Btu hr-ft -0 F. The material is compatible with potassium at
2000O F, 15 and should also exhibit good compatibilit y with sodium. Its relativel y poor
oxidation res.stance is not of consequence, since the reactor heat pipes will not be
exposed to ox ygen. Therefore, TZNI mol y lxlenum was selected as the material for
the heat pipe Nvall. It was also selected for the inner wick laver in order to avoid
possible compatibilit y
 problems which could be associated with the presence of two
different materials in contact with liquid sodium. The wall thickness was taken to be
33 mils along the 20-in. length of the evaporator section of the heat pipe. The wall
can then withstand a maximum external pressure of about 2-100 psi without being over-
stressed. This external pressure is well below the external pressure of 13,300 psi
which is req uired to buckle the wall.
C.
	
Temperature Drop "Through Wall and Wick
The temperature drop through the wall and wick can he obtained from Equation
f (55), using appropriate conductivit y values for the wall, annulus, and wick. Thethermal conductivit y of the w.:k was estimated by weighting the cor '.uctivities of so-
dium and TZNI by the proportion of the wick volume occupied b y each material. The
porosity of the wick was assumed to be 0. 30. Then sodium occupies 30 per cent of
the wick volume and TZNI occupies 70 per cent. The surface heat flux b.:aed on the
vapor space diameter is 1.918 kw/W 2 . In calculating the LT through the various
components, the surfa:,e heat flux was adjusted so that it is based on the mean sur-
face a-rea of the component under consideration.
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6The total temperature drop through the will mid \k ic • k of the evaporator section
was calculated to he 70. 5o F, :arid is divided as fellows:
T 7. b1 wa 11:	 37.7 0 F
sodium annulus:	 25..01,'
T/ Ji-Sodilwi \\ ick:	 7. 601•'
Total	 70. 501
Thus, the nmxinium temperature of the outer surface of tale heat tripes is
°-0000 F + 700 F	 2070` F.
The temperature drop c:rlcnLilion presented :shove is for the heat pipe with the
highest he:it transport r.itc of (M. •1 k\c . Siuce the ratio of the niaxittlum-to-:average
power distribution is 1. 1 ill the radial direction, the ther • ni:il power :ind tcmperatau'e
drop for the aver ;igc heat 1•ipe sur e 1'1. 1 times corresponding values for the nuiziniunr
power heat pipe. 'Thus, the average heat pipe is ralc ,d :It 6tl- 1/1. 1	 5.1. 9 kw, and
the temperature chop throw -h the w:ill ;rnd wick of its ev;(pc,r • :itor section is
70. 5/1. 1 = 64. 00 F.
d.	 Number and Arr;ni^cnwW of Iiert 11h)cs
The tonal number of hest pipes can he (0,11111 from Fqu;ilion (57), \kith Q equal to
t he power level in the aver age
 
he :d pipe. Upon niakin,- ihi:; calculation, it was found
that a total of 5480 he:it pipes ;ire required, \\ith 27. 0 iie:it pities located in each half
of the core.
The outer diameter of the he;it pipes is 0.5`16 in. The\ , are arranged in n
gered pattern so that individu;il heart pipes %k ill fit within the hexagonal cells of which
the reactor core is composed. The 27 .10 heat pipes \\hic • h penetrate each half of the
reactor core are spaced 1. 282 diameters np;r rt on centers within a 1 5. 2-in. -din mcler
circle. The heat pipe, oc• cupv 47.9 per cent of the core cross-sectional area, or
5.:31 ft 2. The reniaining 52.1 per cent, or 5.80 ft 2 , is ;ivailahle for reactor fuel and
Structural mater is 1.
3.	 Design of Ileat Pies Within lient Exchanger
Now the condensing ends of the heart p.pes will he considered. As Figure 21
shows, the reactor (heat source) heat pipes penetrate the walls of the reactor heat
1	 exchanger. A hvo -laver wick of the same t ype as tkit used on the internal heat pipe 	 1
surface also lines the outer length of heat pipe \\ hich
 extends into the reactor heat ex-
changer enclosure. The outer kvick consists of a 12-mil-thick sodium flo g\ annulus
hich is surrounded i.v a 5-mil-thick poi ous sheet of T/ M 11101k'NIcnum with 30 per
cent porositN . The section of heart pipe +wall wi sin tLe heat exchanger enclosure does
not have to stilmort nnv load of significance (.',re internal and external pressures are
almost the same). 'Therefore, the thickness of the externall y -wicked c-all was reduced
to 16 mils. The overall diameter of the externall y -wicked section is then f 59 1") in..
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Figure 21. Heat Pipe Design for Reactor Heat Exchanger.
which is the same as the outer diameter of the length of heat pipe which lies within
the reactor.
The external heat pipe wicks are attached to the two-layer wick which lines the
inner walls of the reactor heat exchanger. Then liquid from the adiabatic heat pipes
which flows into the wick lining the reactor heat exchanger walls can flow through the
external wicks of the reactor heat pipes. The heat of condensation released by the
condensing vapor inside the heat pipes causes the liquid in the external wicks to evap-
orate. The vapor formed then flows axially out of the reactor heat exchanger and into
the two connecting; adiabatic heat transport pipes.
The design of the internai heat pipe wick was based on a total heat pipe length of
48 in. which included a 7-in. adiabatic section and a 21-in. condensing length. How-
ever, space iintitations within the reactor containment vessel resulted in specification
of a tots' heat r,t,)e length of 39 in. , which includes a 4-in. adiabatic section and a
15-in. condensing section. While the shorter heat pipe length would permit the use of
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Ia smaller annulargap thickness t. a , the origin;ill y (-Acul;ated thickness of la) mils was
retained in the interest of conservatism.
The surface, heat flux in the condenser section is 33 per cent greater than that
in the evaporation section hec;ause of the similivr condensing length. The total tent-
perature drop in the condenser section between the internal vapor space of the highest
pm\er heat pipc ;and the v:apor space in the reactor heat exchanger is 110.Oo F, ;and is
divided as follows:
Internal TZM-sodium \\ ic • k:	 10.30[
Internal sodium flow minulus: 	 3:3. 60
"I • %Al heat pipe \\;ill:	 22.3`'1:
Fxtern:al sodium flaw ;annulus	 :35.20F
External TZM-sodium \\ic • k:	 4.Goh
Total ;	 110.00F
In the average heat pipe, the temper ature drop is 10 per cent lower, or 100o F. The
estimated drop in temperature of the heat pipe vapor ;along the length of the heat pipe
is 100I•.
can the hasis of the temperature information presented above, the temperature
distribution along the maximum power reactor heat pipe is given in Figure 22. It car
he seen th:at the maximum external surlac• e temperature in the reactor is 20700F.
The miniamun surface temperature in the re;ator heat exchanger is 1890 0 F. The
mean temperature of the vapor surrounding the heat pipes was taken to be 18900F.
4.	 Ileat Exchaiger Enclosure
The reactor heat exchanger enclosure is shOW11 in figure 2:1. The condensing,
dual-wicked sections of the reactor heat pipes extend from the reactor face into the
cvlindrical section. The interior walls are lined with ;a Iwo-laver wick consisting of
a 300-mil-thick sodium flo g%- channel and a 30-mil-thick T2Al wick of 30 per cent
porosit y . The heat exchanger forms two flow passages, each of which connects to nn
adiabatic heat transport pipe. The cross-secti onal area of the vapor space in the
rectangular exit section is the same as that of the adiabatic heat transport pipe. The
exit flow passages add 7. so in. to the hc;at exchanger length. The total distance from
the center of the reactor core to the end of the heat exclnnger is •17.2 in.
The walls of the enclosure are 0.238-in. thick, and ;are constructed from T7.Al
molvtxienuni. The outer surface is clad with an oxidation-resistant allev. A cursory
search indicated that l: rdimet 500 had excellent oxidation resistance at contemplated
	 -
operating temperatures. 10 This alloy,
 was specified for all exterior surfaces which
require oxidation protection. However, other considerations such as the relative co-
efficient of expansion of the cladding could dictate the use of some other oxidation-
resistant alloy.
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The thickness of the enclosure walls was established from buckling rather than
stress considerations. When the system is cold, the internal vapor pressure is neg-
ligible in comparison with the external pressure of the atmosphere. With 0.238-in. -
r thick walls, the difference between the external and internal pressures required to
buckle the cylindrical section of the reactor heat exchanger .
 enclosure is 15 psi. The
buckling pressure difference A Ph was calculated from the equationl7
i
	
2 
\3
	 {
A Pb	 E 2 D I	 (58)
where tw is the wall thickness, D is the mean diameter, E is the modulus of elasticity,
and v is Poisson's ratio. The values used for TZM molybdenum at room temperature
a,
are: v	 0. 3, E _ 46 x 106 psi. 16
F
r	 2	 53
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5.	 Heat Exchanger Weight
Th., .-eight of each heat pipe is 0.780 lb. The total weight of the 27 .10 heat
pipes in one exchanger is 21 .10 lb. The weight of the enclosure, including the wick
which lines the inner surface, is 716 lb. The total weight of one reactor heat ex-
changer, including the heat pipes and the enclosure, is 2856 lb. The total weight of
the two reactor heat exchangers is 5712 lb.
C.	 Engine cleat Exclianpers
Each of the four jet engines is equipped with a heat exchanger which transfers
heat from the adiabatic heat transport pipe feeding the engine to compressor discharge
air prior to its entry into the turbine. The heat exchanger configuration is shown in
Figure 17. The heat of condensation released as the adiabatic heat pipe vapor con-
denses on the outer wick of the radial, dual-wicked heat pipes causes the liquid in the
internal wicks to evaporate and flow into the heat pipe sections within the air flow
passage. The vapor then condenses, releasing the heat of condensation to the com-
pressed air which flows axiall y across the outer surface of the radial heat pipes.
A cross-flo" arrangement was selected, in which the vapor from the adiabatic
heat transport pipe flows in a circumferential direction %\ hile the compressor dis-
charge air flows axiall y . This arrangement avoids the use of an axial flow header,
which would add to the heat exchanger length. One of the design restrictions is that
the heat exchanger length not exceed the compressor diameter, which is 4. 74 ft.
The heat exchanger geometric parameters are shown in Figure 24, The engine
shaft passes through the inner c ylinder of radius r. Compressor discharge air flows
through the inner annulus of width l a
 (the heat pipe condensing length). Adiabatic heat
pipe vapor flo« s through the outer annulus of width I v
 (the heat pipe evaporating
length). The radial heat pipes of diameter d are arranged in m rows 1 diameter
apart along the heat exchanger length L. There are n heat pipes per row. The heat
pipes in adjacent rows are staggered, the heat pipes in one row falling midway be-
tween heat pipes in the rows on either side. The mean spacing between the radial
heat pipes in a given row in the air flow annulus is X tad. i;i the vapor flow annulus,
the mean spacing is Xtvd.
*	 With the radial heat pipe configuration, the axial resistance to air flow will
decrease along the heat exchanger radius as the spacing between heat pipes in-
creases. C'onsequentl^ , , the air flow rate per unit of free flow area and the heat
pipe surface heat flux at a given axial disLirce along the heat exchanger will vary
Nrith the radius. Baffles to improve the radial air flow distribution and/or addi-
tional heat pipe surface might then be needed, depending on the nonuniformity of
the air flow and heat flux distributions.
a
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Figure 24. Engine He.i t Exchanger Geometric Parameters.
The radius r was established from the design criterion that the cross-sectional
area of the engine shaft should not exceed 1 !16 the cross-sectional area of the com-
pressor. Upon application of this criterion, r	 7. 0 in.
1.	 Heat Exchanger Dimensions
Dimensions of the air How passage were determined from parametric studies of
heat transfer between the surface of constant temperature heat pipes and the com-
pressor discharge air. Actuall y , the temperature of the heat pipes varies from roxv-
to-row along the heat exchanger length. The constant heat pipe temperature used in
the analvsis therefore represents a mean of the heat pipe surface temperature varia-
tion along the heat exchanger length.
The anal y sis of the engine heat exchanger was carried out in accordance with
methods of Reference 18. The basic relations needed for the analvsis are presented
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•below. They are derivable from the heat exchanger geometry and/or the relations
preslented is Reference 18.
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In the above equations, Af is the total frontal area norn):)I to the flow direction,
Ac is the free flow area normal to the ll()w direction, A is the heat transfer surface
area, rh is the h ydraulic 1:ddius, (; is the mass llu\\ rate per trait of free fluty
 area,
f is the coefficient of friction, C f is an eml)iricall\-cletcrmincd Iriction factor fill-
flow across a hlhe hank, R is the gas c'onsLint for air, Pi is the inlet air pressure,
Po is the exit air pressure, T is the mc:1n specific volume of the compressed air, g
is the acceleration of gravitt, T i is the inlet air temperature, To is the exit air tem-
perature, 7' h is the surface temperatur e of the heat pipes in the air stream, E is the
heat exchanger effectiveness, NTt T is the number of heat transfer units, W is the :fir
mass flow rate, cp is the specific heat of air at eonsfant pressure, h is the heat
transfer coefficient of the compressor )li p charge air, µ is the mean viscosih O1' the
air, k is the mean thermal conductivit y of the air, lie is the Re^• nolds number, Pr is
the Prandtl number, St is the Stanton number, :md (' h is an empirically,-cleterminecl
heat transfer factor for flow across a tube bank. The factors Cf and Ch were found
from figure 7-5 of Reference 18.
It can be shown from the equations listed above that
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For specific(] input conditions, all of the terms in the brackets of Equations (76)
and (77) are known but the heat pipe diameter d. The calculational procedure is as
follows.
First, the heat pipe diameter d and the surface temperature T h
 are specified.
The heat exchanger eifectiveness E is calculated from Equation (71), and the number
of heat transfer units NTU from Equation (72). The air annulus width l, a is then cal-
culated from Equation (76) on the assumption that C f/C h	1. Next_fi ta is calcu-
lated from Equation (60). New values of C f and C' h corresponding to Xta are found
from Figure 7-5 of Reference 18, and I,, is then recalculated. The heat exchanger
length L can then be calculated from Equation (77), and the total number of heat pipes
N from Equation (64).
Results of the parametric stud , , calculated according to the procedure de-
scribed above, are presented in Figure 25, where N, L, and l a are shown as a func-
tion of d and Th
 . This Information, along with data on the vapor annulus to be con-
sidered next, was used to size the engine heat exchanger.
The vapor flow annulus was sized principally on the basis of the frictional pres-
sure drop in the vapor. This must be kept within reasonable bounds in order not to
exceed the capillar y,
 pumping capabilit y of the adiabatic heat transport pipe. The
pressure drop anal y sis is essentiall y the same as that performed for the air annulus,
f	 but witn certain modifications resulting from circumferential rather than axial flow
and the fact that Qie flowing fluid is a condensing vapor instead of a gas. The appli-
cable equations for this case follow. In developing the equations, it should be recalled
that the vapor mass flow rate W splits in half upon entering the engine heat exchanger,
t with each half traveling a distance equal to one-half the exchanger circumference be-
fore complete condensation occurs. The number of rows m is thus one-half the total
number in the entire heat exchanger. Also, the transverse heat pipe spacing normal
to the vapor flow direction is 2d. The heat pipe diameter in the vapor annulus d' is
larger than the diameter d in the air annulus, since the pipes in the vapor annulus are
externally as well as internally wicked.
L
n = 2d	 (78)
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'The factor of 1, 13 appearing in Equation (88) is a consequence of the assumption that
the condensing vapor flow is turbulent over most of the condensing length. [ See
Equation (36).]
The above equations, along with Equations (68) and (73) for f and Re, can be
used in conjunction with the equations presented for the air flow annulus to predict
the vapor pressure drop P i - 1'o as a function of heat pipe diameter d, surface tem-
perature Th in the air annulus, and vapor annulus width lv . The vapor pressure drop
can also be correlated with the heat exchanger diameter D, where
D = 2(r + la + I V )	 (89)
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sCalculations were carried out for :in assumed heal pipe surface temperature T h in the
air annulus of 1820 0 F. The sodium vapor tcmperatur ' %V:IS taken to he IS60°F, Mii-h
assumes :t 200 F temperature drop along; the adiabatic heat pipe. The corresponding
vapor inlet pressure Pi is 45 psi, :end the vapor densit y is 0. 0 . 13 11 ► /ft3 . Hie diameter
W in the vapor annulus was assunwd to he :30 mils l;n • ger than the diameter d in the
air annulus.
The results of the calculations are presented in Figure 26, where the heat ex-
ch: ► nger length 1., diameter 1 ► , and the total number of he: ► t pipes N are sho%Nn is a
function of the heat pipe dimneter d mid the %-:ipor pressure drop (1' i -- 1'° )v .
it was decided to limit the vapor friction pressurc drop to 2.5 psi at a heat pipe
diameter d of 0. 5 in. From Figure 26,
Vxch:inger diameter 1)
	
7. 2 ft
I•'wkint:er length	 I.	 -1. o ft
Number of heat pipes N
	
M300
For these conditions, the follo^N ing; addition:il daL ► ;ipply.
Air annulus width 11 1	 2:1. -1 in.
Vapor : ► nnulus width I V
	12. S in.
Total heat pipe length 1. p
	36.2 in.
Heat pipe diameter d' in vapor :annulus	 6. 5:30 in.
Effective axial heat fluty Q, A C	 110 kw'in2.
Nverage heat load per heat pipe Q N	 = `i. 1:1 kw
2.	 Liquid PressurC f )rop in I Ic: ► t Pipes in Vapor .\nnulus
'rhe extern ► lIN-wicked heat pipes in the vapor minulus consist of a 10-mil-thick
liquid sodium annulus surrounded b y a 5-mil-thick '1'%:11 molVbcicnum wick. The ex-
ternal heat pipe wicks are connected t.o the two-laver wick which lines the inner sur-
faces of the vapor annulus. from Figure 12, and using 0.5 in. for the inner diameter
of the flow annulus, the maximum heat transfer rate Q for laminar flow at 1860°F is
16.1 knv. Since Q is larger than Q/N 8. 13 k\V, liquid flow in the heat pipe with the
average thermal load is larriin ar. The liquid pressure drop was then calculated from
the third term of Equation (49), letting; Lc - 0. The calculation was performed for
an annular channel 0. 5-in. in diameter. 10 mils thick, and 12. 8 in. long. The calcu-
lated liquid pressure drop was 0. 118 psi.
As is shown below in Section HIC•1, the most heavil% loaded heat pipe ma y have
a thermal load :3 or more times greater than the average thermal load. The liquid
flow is then turbulent over a portion of the flow length. It was estimated that the com-
bined effects of a greater therm ► 1 load plus turbulent flow would result in a liquid
pressure drop of about 0.4 psi in the heat pipes which earry the maximum thernu ► 1
load.
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3. Temperature Drop 'Through heat Pipe Walls
The heat pipe dimensions are indicated in Figure 27. The internal and external
Nv icks are filled with liquid sodium. The external wick is fabricated from 'TZM molvb-
denum with 30 per cent porosity. The heat pike wall and the internal wick with 30 per
cent porosity are assumed to he fabricated from Udinlet 500, a fabricable alloy with
good oxidation resistance at contemplated operating temperatures.
The 12-mil wall thickness is stressed to 1 ,150 psi b y the maxululm possihle
pressure differential of 70 psi between the external air and the internal sodium vapor.
The Vield stress of t 1 dimet 500 at 1800O F is 35, 000 psi. 16 From Equation (58), using
an elastic modulus F: of 20 z IO (' psi for Udinlet 500, the external pressure required
for buckling is 610 psi, a figure which is well in excess of the n><aximum external air
pressure of 70 psi at the cruise altitude of 36, 000 ft.
x
	
	The temperature drop through the heat pipe wall and wick was calculated from
Equation (55). The average surface heat flay based on the mean NN'all thickness is
0.413 k-w /in2 in the vapor allnUILIs and 0. 226 lcw/in 2 in the airannulus. The thermal
conductivities used were: 30 11tu/hr-ft- O F for sodium, 14 Btu//hr-ft-O F for Udimet
500, and 60 Btu/hr-ft- O F for TZNI molybdenum.
A temperature drop of 35 0 F through the wall and xvick in the vapor annulus was
calculated. Tints, for an exteri-Lal vapor temperature of 18600 F, the vapor tempera-
ture inside the heat pipes is 1825 0 F. A temperature drop of 140 F through the wall
and wick of heat pipes in the air annulus was calculated. If the vapor temperature
drop along the heat pipe length is neglected, the heat pipe surface temperature in the
air annulus is then 1811 0 F. A surface temperature of 1820"F had been assumed in
the calculations for determining the engine heat exchanger dimensions.
4. Heat Transport Capacity of Heat Pipes
The capability of the engine heat exchanger heat pipes to handle the required
heat loads will now be examined. Figure 28 shows the temperature distribution in the
air annulus of the heat exchanger. from the variation in the difference between the
-	
mean surface temperature :Ind the compressed discharge air temperature along the
heat exchanger length, it is evident that the heat transfer rate and hence the heat pipe
thermal load varies significantl y along the heat exchanger length. The actual surface
temperature distribution has not been determined, but it varies qualitatively as shown
by the dashed line.
*	 At sea level the heat pipes could be exposed to a maximum external air pressure
of about 350 psi. The wall stress would then he about 7250 psi. These figures
are also well below the buckling and stress limits for Udimet 500.
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Figure 28. Temperature f)istrihution .Nlong Air ,annulus of
Engine Heat Exchanger.
The coldest heat pipe is located at the air inlet of the engine heat exchanger and
carries the greatest heat load. Since time heat transport capacity decreases with a
decrease in heat pipe temperature, it is important to establish that the coldest heat
pipe can ca;- , v its imposed heat load, rather than the heat pipes at the mean surface
temperature. The ^crmnerature and heat load of the heat pipes at the inlet to the en-
gine heat exchanger were es6 rated by the following procedure.
The ratio of the heat transport rate in Lh.- coldest heat pipes Qc to that in the
heat pipes with the average thermal load Q is equal to the ratio of surface-to-air
temperature drop for the two cases. Since neither the surface temperature of the
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coldest heat pipes nor the air temperature at the location of the average heat pipes
are known, the desired temperature ratio will be approximated by the ratio of mean
surface-to-air-temperatures at the air inlet and outlet, or
Qe	 Th - Ti
Q	 Th - To
It is evident from Figure 28 that Equation (90) overestimates Q. and hence is
conservative. From the data of Figure 28, Q c /Q = 3.52 and Q. = 3. 52 x 8. 13 kw =
28.6 kw. The temperature drops through the wall and %N-ick of the coldest heat pipes
are also larger by a factor of 3.52. From the data for the 8.13-k-w heat pipes, it can
then be shown that the inner vapor temperature of the coldest heat pipes is 1738°F
and the air side surface temperature is 16900F.
The latter temperature can now be used in place of T h in the numerator of
Equation (90) to obtain a better estimate for Qc /Q. Upon care , ing out this step,
Qc /Q = 3.18. Then Qc = 25.4 kw, the inner vapor temperature is 1749 0 F, and the
air side surface temperature is 17060 F. The latter temperature is 16 0 E higher than
the initially calculated value for the air side surface temperature.
The trial-and-error procedure presented above could be repeated until the latest
calculated value for the air side surface temperature differs by a degree or less from
the previously calculated value. However, for purposes of preliminary design the re-
sults of the second trial will be used. The axial heat flux ^ in the coldest heat pipes
is then 165 kw/ing . This figure is less than the maximum axial heat flux: of 212 kwAn2
for no entrainment and an evaporator momentum temperature drop of less than 20°F
at 17490F when the wick pore diameter is 2 microns. (See Figure 9. )
Equation (52) was then used to evaluate the capillary pressure differential nec-
essary to offset the vapor and liquid pressure drops for the coldest heat pipes of the
engine exchanger at a vapor temperature of ~ 1750 0 F. The liquid pressure drop of
1.4'2 psi due to the liquid gravity head was included. The required capillary pressure
differential was found to be 4. 8 psi, which is well below the maximum pressure dif-
ferential of 31.2 psi which is obtainable with 2-micron wick pores.
Since the vapor pressure of sodium at 1750 0 1' is 26 psi, the liquid pressure at
the evaporator inlet of the heat pipes is 26 - 4. 8 = 21.2 psi. The temperature drop
through the wick is 31 0 F. Therefore, the temperature at the heat pipe wall is
1750 +31 = 1781 0 F, and the corresponding vapor pressure is 29 psi. The difference
between the vapor pressure and liquid pressure at the heat pipe wall is then
29 - 21.2 = 7. 8 psi. From Equation (19), boiling will the i not occur unless nuclea-
tion site diameters are 8 microns or greater. The above dcta indicates that the de-
sign of the engine heat exchanger heat pipes is adequate to handle the imposed heat
loads, if the wick por e diameter is 2 microns.
(90)
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5.	 Diffusion of :fir Into heat Pipes
Since the heat pipes in the engine heat exchangers will he exposed to hot, pres-
surized air for thousands of hears, the possibilit y of o.\\ , gen and 'or nitrogen diffusion
into the heat pipe interior must be considered. Such diffusion would be undesirc,ible
for at least three reasons: 1) the accumul:iLion of noncondensable gas could shorten
the effective heat pipe length: 2) the formation of gas huhhles in the liquid Miose
radius was larger than the y critical nucleation site radius for no hoilillg could result
in localized boiling and hot spots in the evaporator section of the wick: ;) if gas
bubbles were large enough to bridge the liquid flow annulus, the width of the annulus
rather than the much smaller wick pores would establish the capillary pumping limit,
which would then drop far beloxy
 the design heat transport capability.
Unfortunatelv, there his as yet been no reported longevit y data for heat pipes
with two-laver wicks in an air atmosphere. Experiments on the diffusion of nitrogen
into a :316 stainless steel liquid potassium loop from air have been reported, how-
ever. 19 The loop contained Cli - 1"/,,,Zr inserts which ;ihsorbed all the nitrogen which
diffused into the system through 125 mil walls. The mass flow rate of nitrogen per
unit surface area q m
 into the pipe can be calculated from the equation
aP5 (vi - y')
elm	
10 	 t	
(91)
where a is the mass diffusion coefficient, P s
 is the xxall density, t is the wall thick-
ness, y l
 -, the nitrogen concentration at the outer wall surface in parts per million,
and y 2
 is the nitrogen concentration at the inner wall surl'ace in parts per million.
At 1500c F, a was estimated from measured data to be 1. 3 x 10 -10 to 4. 3 x 10-10
cm
2; sec. The wall density P s w?s 8gm:/cm 3 , t was 0. 313 cm, v l was 500 ppm,
and v2 was 50 ppm ;-- 0. upon substitution of these values into Equation (91), qn,
1.64 x 10 -1 ' to 5.42 x 10 -12 gm/cm 2_ scc. The total nitrogen mass flow into a tube
24 in. long and 0. 5 in. in diameter over a period of 10, 000 hr would then be 0. 0144 to
0.0475 gm. If the nitrogen were at a pressure of 7.2 psi (which is the vapor pressure
of sodium at 15000 F), it would fill a 0. 5-in. -diareter tube over a length of 28 to 95 in.
The consequences of nitrogen diffusion into a heat p'_pe at the rate calculated above
would obviousl y be disastrous.
However, within a short time the actual diffusion rate would fall far below that
predicted by the above calculation. In the absence of a "getter" such as Cb-1%,,7.r,
the internal accumulation of nitrogen would increase v 2 and reduce the nitrogen con-
centration gradient. Hence, the diffusion rate would decrease continuously with time.
The diffusion problem could be greatly lessened if "getter-tvpe' metals such as
zirconium were contained in the alloy from which the heat pipe wall were fabricated.
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tMuch of the nitrogen which diffuses into the wall would then be absorbed in the wall,
thus minimizing diffusion into the heat pipe interior.
The above discussion indicates that the diffusion of gas into a heat pipe can be
a matter of concern, and should be considered in the heat pipe design. 'Pests of en-
gine heat exchanger heat pipes under anticipated operating conditions \ -11 be required
to evaluate the effect of gaseous diffusion on heat pipe performance.
6.	 Heat Exchanger Enclosure
'rhe heat exchanger must be designed to withstand pressure loads imposed dur-
ing operation, as well as external buckling loads when the system is not operational.
Major enclosure components are: the vapor annulus outer shell, the vapor annulus
inner shell, the vapor annulus end plates, and the transition pieces between the outer
shell and the adiabatic heat transport pipe. (The inner shell of the air annulus is
assumed to be part of the jet engine structure. ) The enclosure walls are fabricated
from TZM molybdenum, and are clad with an oxidation resistant alloy on surfaces
which are exposed to air.
The interior surfaces of the enclosure (except the end plates) are lined with a
two-layer wick which is integral with the wick of the adiabatic heat transport pipe.
The liquid sodium annulus was sized to give the same pressure drop per unit length
of flow path as the liquid annulus in the adiabatic heat transport pipe. The pressure
drop per unit flow length varies directly as the square of the liquid flow rate and in-
versely as the product of the hydraulic diameter and the flow area squared. In the
heat exchanger, one half of the sodium which is condensed flows around each half of
thc! circumference of the outer shell before merging with the liquid sodium stream in
the adiabatic heat transport pipe. A1-o, the mean flow rate in the liquid annulus is
about 1/ f3 times the maximum flow rate when the condensing flow is predominantly
turbulent. Therefore, the mean flow rate in the liquid annulus is about 1/(2 f3)
times that in the liquid annulus of the adiabatic heat transport pipe.
It can then be shown that the mean liquid pressure drop per unit flow length will
be the same in the heat exchanger and the adiabatic heat transport pip3 if
	
2/3
	
2/3
	
to = . S35 Da
	
^'	
Da
,	 L()
	
0	 L	 (92 )td
where to is the sodium annulus thickness in the engine enclosure, t o is the sodium
thickness in the adiabatic heat transport pipe, D a
 is the diameter of the vapor space
in the adiabatic heat pipe, and L is the engine heat exchanger length. As will be
shown shortly, Da = 20 in. and to = 0.752 in. Previous calculations have shown
that L = 48 in. Then, from Equation (92), to
 = 0.420 in. This thickness was also
used for the sodium annulus which is adjacent to the inner shell of the heat exchanger.
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The wick was assumed to he I'abricated from a porous sheet of 'I'% M mol y bdenum :10
mils thick with :30 per cent porosit y . The pore diameter of the enclosure wicks and
of the external wicks on the heat p ipes was taken to he the same as the pore dia meter
of the adiabatic heat transport pipe wick, or 1.50 microns.
The allowable stress in the outer shell at 1460 0 1 ►r:is Liken to be 20, 000 psi.
This is less than the stress for 0. 5 per cent creel) in 10, 000 hr at 20000 1 for TZ N1
molybdenum. 15 The required shell thickness with a maXiMUm pressure differenti:il
equal to the sodium vapor pressure of -10 psi at 1 860 O Fis then 'i6.5 mils.
However, the shell thickness required to withstand an external pressure of 15
psi without buckling is, from Equation (58) with E -16 x 10" psi and v 0.:3, 156
mils. The latter thickness would be needed to prevent collapse of the outer shell at
atmospheric pressure and ambient temperature, when the internal sodium vapor
pressure is negligible.
A much lighter buckling-resistant structure may- be designed lid- utilizing the
radial heat pipes and the inner shell surrounding the engine shaft as structural mem-
bers and/or a stiffened outer shell, instead of rel y ing exclusively on the structural
integrity of the outer shell. However, a detailed structural analvsis was bevond the
scope of this preliminar y investigation, and the calculated value of 456 mils was used
for the thickness of the outer shell. The outer surface of the outer shell and end
plates are clad with a few mils of an oxidation-resistance allov such as Udemet 500
for oxidation protection.
Possible diffusion of air through the enclosure walls is of some concern here,
but to a much lesser extent than in the air annulus, since the atmospheric pressure at
the 36, 000 ft cruise altitude is about a fifth of that at sea level and the outer surface
will undoubtedl y be covered by a liver of thermal insulation.
The inner shell will not be subjected to external buckling pressures when cold,
and hence may be designed on the basis of tensile stress. In current design concepts,
the jet engines ►► ill be powered by the combustion of chemical fuel during the takeoff
and landing phases of flight. When the engines aro operating on chemical fuel, com-
pressor discharge air flows through the inactive engine heat exchangers prior to en-
tering the combustors. At sea level, the compressor discharge pressure is about
350 psi and the temperature is about 7500 F. A thicker shell is required for this con-
dition than for the nominal design conditions at the cruising altitude of 36, 000 ft. For
a pressure differential of 350 psi and an allowable stress of 80, 000 psi in the T'l.11
wall, the required thickness of the inner shell is 13:1 mils. A total wall thickness of
150 mils was used, including a few mils of an oxidation-resistant supe rallov on the
inner, air-exposed surface.
Diffusion of compressed air through the wall of the inner shell to the v..por
annulus could be a problem, but should be greatl y lessened by the gas adsorption
properties of the T%M molvlxlenum (which has a content of 0.1 percent zirconium).
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A thickness of 300 mils was used for the superalloy-clad end plates.
The engine heat exchanger enclosure dimensions are shown in Figure 29.
TRANSITION
SECTION
OUTER SHELL
INNER SHELL
7.0 30.4
43.2
ENGINE SHAFT HOUSIN
DIMENSIONS ARE IN INCHES
Figure 29. Dimensions of Engine Heat Exchanger Enclosure.
7.	 Heat Exchanger Weight
The weight of each heat pipe used in the engine heat exchangers was calculated
to be 0.289 lb. The total weight of the 8300 heat pipes required for each exchanger is
2400 lb.
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iThe transition sections were not expli( ill y inclu(1ed in the calculation of the en-
gine heat exchanger enclosure weight, but were allowed for ;approximately by neglect-
ing the opening in the outer enclosure shell :it the point %\, here the t ransition section
merges into the outer shall.
The weight of the 0utcr shell is 244'2 11), ;Intl ill(- It 	 "_ 1'' 11) for th	 ue wick s^ rc-
ture and contained liquid sodimn. The weight of the inrn"r shell is Gsl lb, and includes
171 lb for the wick st r ucture and liquid :;odium. The weight of the end junels is 662 11).
'I'he total enclosure weight is 37`;5 lb.
The total weight of one heat exch:ingc1- is the stmt of the heat pipe and encloGUrc
weights, or 8 145 11,. The totntl UUCight of the four cnginc heat cxeh:ingcrs is 2 . 1, 710 Ib.
As Nvns mentioned above, the use ()f the radial heal pipes as structural columns
to prevent buckling of the outer shell N\hen the heat exchanger is cold, ',I lid a stif-
fened outer will structure, could significantl y reduce the enclosure weight and lit-nee
the heat exchanger weight. It is estimated that savings of 5000 to 7000 Ib in the total
weight of the fOUr engine heal exchingers ni:t y be achievable with this design technique.
D.	 Adiabatic heat Transport pipes
In the design concept which has evolved in this prelinin:tr y investigation, a
single adiabatic heat transport pipe is used to transport heat from one-half of a reac-
tor heat exc Ninger to each jct engine heat exchanger. Multiple pipes could also he
considered, but nt the expense of increased I'luid frictional pressure drops resulting
from larger length-diameter ratios. It is important to ninimi^.e the frictional pres-
sure drop because of the large liquid sodium head which is present.
The liquid sodium which returns from the outboard engine heat exchanger to the
reactor heat exchanger must be lifted a height of 26 ft. (See Figure 14. ) At 19000F,
this distance is equivalent to a liquid pressure drop of S. 03 psi. During a .30 degree
bank, the difference in elevation increases to 59 ft, :and the liquid pressure drop in-
creases to 18.2 psi. If the upward acceleration increases to 1.5 g's while the aircraft
is banked at 30 degrees, the liquid pressu re (11-01) Will Undergo an additional increase
to 27.3 psi.
The design of the adiabatic heat pipes was carried out for the pipes leading to
the outboard enghies. The same design was then used for the inboard pipes, although
the inboard pipes could he made smaller and lighter beenuse of their shorter length
and smaller difference in elevation. Detailed consideration of the inboard pipes was
not warranted in view of the preliminary nature of the study.
From Figure 14, the outboard adiabatic heat pipe is about 100 ft long, and in-
corporates three right-angle ))ends. if a 20 in. pipe diameter and a bend radius equal
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ato twice the pipe diameter are assumed, the equivalent length of each bend is 6. 9 ft. 13
The three bends add 20. 7 ft to the pipe length for purposes of pressure drop calcula-
tions. The total effective adiabatic hoat pipe length La is then about 120 ft.
1.	 Vapor and Liquid Pressure Drops
The frictional vapor and liquid pressure drops in the adiabatic heat transport
pipe were calculated from the terms in Equation (52) containing the adiabatic length
La . Because of the high thermal load of 67, 500 kw, both the vapor and liquid flows
were considered as turbulent over the entire flo g .ength. (See Figure 12. ) The vapor
temperature was taken to be 18800F. Calculations were carried out for a vapor space
diameter of 20 in. and a liquid annulus thickness of 0. 752 in. The axial heat flux for
these conditions is 239 kw/in 2 . The calculated frictional pressure drops were: 2. 78
psi for the vapor aril 1. 70 psi for the liquid. Since the sodium vapor pressure at
1880O F is 45 psi, the fractional pressure drop in the vapor is 2. 78/45	 0.062. The
additional pressure drop due to the increase iii momentum along the pipe length is
relatively small in this case, and was neglected.
The liquid pressure drop in the exterml wicks of the reactor heat exchanger
heat pipes was calculated using the appropriate nonadiabatic frictional terms in Equa-
tion (52). The flow length was 15 in. , and the annulus diameter D v was 0. 562 in.
(See Figure 21. ) The average axial heat flux, based on the vapor space area outside
the heat pipes, was 180 kw/in2 . This figure is well below the axial heat flux limit of
261 kw/in2
 for a wick pore diameter of 2 microns, as can he established by multipl y
-ing the lower entrainment limit from Figure 9 by 1.23. From Figure 12, the maxi-
mum heat load for laminar liquid flow is 18.3 kw. Since the average heat load Q is
54. 9 kw, the ratio y = Ql /Q is 0.334. The calculated liquid pressure drop for these
conditions was 0. 704 psi.
The vapor frictional pressure drop in the reactor heat exchanger cannot be cal-
culated directly frcm the vapor term of Equation (52), because the vapor cross-section
is not circular in shape. An equivalent vapor annulus can be defined which has the
same cross-sectional area as the reactor heat exchanger vapor space associated with
each heat pipe. It can be shown that this equivalent annulus has an inner diameter of
0. 596 in. , and outer diameter of 0. 862 in. , and is 0. 1:33 in. thick. The vapor pres-
sure drop can then be calculated from the liquid pressure drop term in Equation (52),
for which flow, through an annular flow passage has been assumed. The calculation
1vas carried out on the assumption of turbulent flow over the entire flow length. The
resulting frictional vapor pressure drop was 0.610 psi.
'rhe vapor pressure drop in the reactor heat exchanger resulting from momen-
tum generation was calculated from the momentum term in Equation (52), using 1.232
instead of the constant 0. 734. The calculated momentum pressure drop was 1.34 psi.
The sum of the vapor frictional and momentum pressure drops is 1. 95 psi.
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Vapor pressure recover y in the engine heat exchanger resulting; from loss of
momentum was calculated from the monu c rntunn term of Equation (52), using 0.500 in-
stead of the consLint 0. 732. The eaiCldatCd pressure rise was 0. 55 psi. The fric-
tional pressure drop of the adiahatic heat pipe vapor in t1w engine heat exchanger has
already been calculated in connection \\ it t i the engine hc:it exchanger design. Thu
frictional vapor pressure drop is 2.5 psi.
The liquid pressure drop in the external hcaL pi pe xvicks varies from heat pipe
to heat pipe. For the heat pipes xxBich carr y the average heat load, the Iicguid pres-
sure drop is 0. 1 I psi. For the coldest heat pipes, which carry the heaviest therniA
load, the estimated liquid pressure drop is about 0.4 psi. The mean liquid pressure
drop per unit flo\\- length in the flow annulus adjacent to the outer shell is the same as
that in the adiabatic heat transport pipe, as has been estahlished in Section IIICt;. The
hytid flow length in tale engin e heat exchanger is one hull' the exchanger eircuniforence,
or about 11 ft. Therefore, the liquid pressure drop A P I is
C 1.70 psi
^ 1 ^1	 120 1't
	
(11 ft)	 11. ] 5G psi
The net pressure drop in the adiabatic heat transport pipe vapor as it travels
from the reactor heat exchan er to the e ngine heat exch:unger is 6. 7 psi. The asso-
ciated temperature drop is :shout 30"1". "Therefore, the mininnunn v:ipor temperature
in the engine heat exchanger is 1880 - :30 18500F. The vapor temperature at the
entrance to the engine heat exchanger is about 1460 0 F. "Thus, the mean vapor tem-
perature is 18550 F. The design of the engine heat exchangrer was carried out on the
assumption of a mean vapor temperature of 18600F.
2.	 Cahill: iw Pressure and Bodine Considerations
The vapor and liquid pressure distributions of the adiabatic heat pipe fluid in the
adiabatic heat pipe, the reactor heat exchanger, and the engine heat exchanger are
shown in Figure 30. The pressure distribution shown corresponds to an upward accel-
eration of 1. 5 g's while the aircraft is undergoing a 30 degree bank. The minimunn
liquid pressure is 7.93 psi and occurs at the end of the externall y -wicked reactor heat
pipes. The maximum difference bet\\een
 the vapor and liquid pressures is :36.4 psi,
and occurs at the face of the reactor heat exchanger directl y
 opposite the reactor core
face. From E(ILuttion (23), a wick pore diameter of 1.58 microns is needed if surface
tension is to withstand this pressure difference. A wick pore diameter of 1. 5 microns
was specified for design purposes.
In the reactor heat pipe with the average thermal load, the temperature drop
through the external wick is 440F. The temperature at the wall is then 1890 + 44
19340 F. The sodium vapor pressure at this temperature is 54 psi, and the difference
between the vapor and liquid pressures at the end plate is 54 - 8.6 - 45.4 psi. Trod
Equation (19), boiling for this pressure differenti.0 will be suppressed only if the diam-
eter )f nucleation sites does not, exceed 1.27 microns. Data and equations developed
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0Uv Chen 20 indicate that the absence of nucleation sites with diameters larger than
1.27 microns can be insured by pressurizing the adiabatic heat pipe to 50 psi or more
with subcooled liquid sodium prior to operation.
The above discussion indicates that an adinb:itic heat pipe with a vapor space
diameter of 20 in. and :t liquid sodium annulus thickness of 0. 752 in. represents a
viable design. The recent av:tilahilit y of sheets of porous stainless steel with pore
sizes in the micron range indicates that a 1.5-micron-diameter pore niav be feasible.
However, it may be necessar y to use several layers of such sheets in order to reduce
the effective size of pores which are larger than the mean pore size. A cross-section
of the adiabatic heat pipe is sliown in Figure 31.
As is the case with the vertical heat pipes in the engine heat exchanger, it is
necessary to maintain the liquid flow passages full of sodiuni even when the system is
cold. The situation is mere critical here because of the 26 ft height of liquid sodium
which must be supported. If the sodium column cannot be supported when cool, either
by liquid tensile forces or Iw surface tension at the base of the column, it may be nec-
essary to maintain the adiabatic heat pipes at some minimum temperature b y electri-
cal heate- 3 on the exterior pipe surfaces. Since the adiabatic heat pipes will be ther-
mally insulated, the required electrical power need not be excessive. Aside from the
need to keep the liquid sodium flow passages full, :iuxiliar y heating may be desirable
to maintain the sodium in the liquid state at all times, thus facilitating startup.
3.	 Structural Considerations and Weivbt
The mall and wick are fabricated from TZM molybdenum. The wick is :30 mils
thick with a porosity of 30 per cent and a pore diameter of 1.5 microns. The wall is
clad on its external surface with an oxidation-resistant superalloy such as tldimet 500.
The wall thickness necessary to limit the tensile stress to 20, 000 psi under a
maximum net radial pressure of 48 psi is 25 mils. However, a considerably greater
wall thickness is required to prevent collapse of the adiabatic heat pipe by the exter-
nal atmosphere, when the pipe is cold and the internal vapor pressure is negligible.
TZM molybdenum his a room temperature elastic modulus E of 46 x 10 6 psi 16 If a
Poisson's ratio v of 0.3 is assumed, F,quation (58) can be used to show thzt the wall
thickness necessary to prevent buckliag of a 21-in. -diameter tube under an external
pressure of 15 psi is 111 mils.
The weight of a 100-ft outboard adiabatic heat pipe is then 5267 lb. The weight
is distributed as follows: wall, 3220 lb, wick, 585 lb, liquid sodium, 1462 lb. The
weight of a 65 ft inboard adiabatic heat pipe is :1240 lb. The total weight of the two in-
board and two outboard adiabatic heat pipes is 17, 014 lb.
*	 Bulletin 6-:36, Mallory Mt.tallurgical Companv, Indian;ipolis, Indiana.
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DIMENSIONS ARE IN INCHE
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Figure :11. Segment of Adiabatic Heat Transport
Pipe Cross-Section.
The weight of the adiabatic heat pipes could be reduced significantly by employ-
ing a stiffened structure to prevent wall buckling, but the design of such a structure
was beyond the scope of this investigation. Several thousand pounds might conceivably
be saved with a more sophisticated structural design.
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IV. EMERGENCY HEAT DISTRIBUTION sys'rFm FOR CONTAINMENT VESSEL
The basic design philosophv of recent nuclear aircraft propulsion system studies
provides for sufficient inipact protection during a crash to insure the integritv of the
reactor containment vessel. Reactor afterheat which is generated following a crash
is then dissipated via radiation and n;itural convection from the outer surface of the
containment vessel.
However, this mechanism for afterheat dissipation %g ill be operative onl y from
those portions of the containmcnt vessel which :ire exposed to the atmosphere. Reac-
tor afterheat \y hich impinges on portions of the containment vessel which are in con-
tact ^vit.h the earth cannot he dissipated into the poorly-conducting soil % y ithout severe
overheating and probable meltdown of the containment vessel. "Therefore, if the in-
tegrit y of the containment vessel is to be preserved after a crash, some means must
be employed for diverting afterheat which impinges on earth-insulated portions of the
containment vessel to zones where the afterheat can be dissipated freely into the at-
mosphere.
The heat pipe, which is characterized by a ver y large effective thermal condue-
tivitv along its axis, appears to be an ideal device for accomplishing the necessary
diversion of afterheat from adiabatic to nonadiabatic zones of the containment vessel.
A preliminar y investigation of an emergenev afterheat distribution system for the re-
actor containmen` vessel which utilizes heat pipes has been carried out, and the re-
sults are reported in this section. Initiallv, the basic design concept is presented.
Then the considerations involved in the design of a heat pipe emergency heat distri-
bution system are discussed.
A.	 Characteristics of Heat Distribution Svstem
Reactor afterheat is distributed from adiabatic to nonadiabatic zones of the con-
tainment vessel by means of a grillwork of heat pipes which covers the entire inner
surface. The heat pipes lie on circles of latitude which are drawn about two polar
axes at right angles to each other. The resulting grillwork is as shown in Figure 32.
Heat absorbed at any point along the inner surface of the containment vessel can then
be transported from heat pipe to heat pipe into the entire heat dissipation region.
A similar gridwork can also be prepared from two sets of great circles of longi-
tude about different axes, or from a set of circles of longitude and latitude drawn with
respect to the same axis. The gridworlc based on two sets of circles of latitude avoids
spacing problems associated with convergence of circles of longitude at the poles of
an axis, and also pernilt6 the use of two identical heat pipe sets.
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Figure 32. Heat Pipe Gridwork on Inner Surface of
Reactor Containment Vessel.
The heat pipes have been designed to remove afterheat from the inner surface
of an adiabatic section of the containment vessel which is subtended by a 60-degree
solid angle. The maximum rate at which afterheat is incident on the inner surface is
approximately equal to the maximum rate of heat rejection from the nonadiabatic sec-
tion of the containment vessel, which in turn is dependent on the external surface tem-
perature of the nonadiabatic section. The internal surface temperature is determined
by the temperature drop necessary to conduct the afterheat across the thickness of the
containment vessel wall.
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The rate at which afterheat reaches the cont;iinnient vessel, :ind hence the tem-
perature of the containment vessel, is determined I,N the heat capacit y and thermal
conductivity of the structural and shielding material within the containment vessel, as
%yell as by the actual afterheat production rate. Since clesign studies of these compo-
nents were still in progress when this study was initiated, specific data on the m;aXi-
mum heat transfer rate to the containment vessel and on the corresponding coutiin-
ment vessel temperature were not :available. 'Therefore, the heat pipes were designed
to provide afterheat removal capabilit y for inner surface temperatures ranging from
about 10000 h to the nuaxinaunl specified containment vessel material temperature of
20000F.
The heat pipes are fabricated from columbium 1,GG alloy , the same allo y from
\y hich the containment vessel is constructed, and naav he clad with a thin coating of All
oxidation-resistant allo y . The heat pipes are 1-in. in diameter, and are spaced 1 in.
apart along the axes about which the circles of latitude :ire  constructed. Sodium is the
heat pipe fluid. The first set of heat pipes are imbedded in the inner surface of the
containment vessel to a depth of 1 in. and are brazed to the inner surface. The sec-
ond set of heat pipes, which lie along circles of latitude about an axis at right angles
to the initiallv-selected axis, are brazed to the inner surface of the containment ves-
sel and to those segments of the first heat pipe set which intersect the second set.
The heat pipe wall thickness is 50 mils. A two-laver wick is used with a total
thickness of 44 mils. The 5--mil-thick laver adjacent to the wall is an annular flow
passage for liquid sodium. The remaining :39 mils consists of a porous structure with
continuous pores in the radial direction which are 100 microns in diameter. The wall
and wick have been made relativel y thick in order to resist deformation during impact
of the contahunent vessel with the earth.
Following impact, liquid sodium will be dislodged from the heat pipe wicks and
will accumulate at the lower end of the heat pipes. Rewicking capability will be deter-
mined b ' v the capillary force available in the flow aauaulus rather than in the porous
wick structure. These considerations led to the selection of a maximum heat pipe
length of 11. 7 in. Then the available capillary force in the flow annulus xvill exceed
the maximum gravit y head of liquid sodium, insuring the desired rewicking capability.
The heat pipes are staggered so that the end of one heat pipe lies between the ends of
heat pipes in adjacent circles of latitude.
At a temperature of 20000 F, the maximum heat load on a given heat pipe is
1. 51 ",. The actual heat transport capacity is considerabl y larger, thus insuring
that the emergenc y heat distribution s y stem %%ill function even if a large fraction of
the heat pipes should be inoperable following a crash.
The temperature drop through the wall and wick of the most heavil y
 loaded heat
pipe in the adiabatic zone is about 8 0 F. At each intersection where heat is trans-
ferred from one heat pipe to another, the heat must pass through two walls and wicks,
and hence the temperature drop will be twice that through the wall and wick of a single
so
heat pipe. The magnitude of the intersection temperature drop will be on the order of
2 (8) = 160 F in the adiabatic zone. The intersection temperature drop will decrease
continuously as the flo« of heat moves from the adiabatic zone into the nonadiabatic
zone, where it is distributed over a much wider area. Thus, a temperature gradient
will exist along the containment vessel surface between the pole at the center of the
adiabatic zone and the opposite pole, the magnitude of which could not be established
in this preliminary investigation.
A total of 4280 heat pipes are required. The total heat pipe weight is 3400 lb.
B.	 Heat Pipe Design Considerations
Important considerations involved in the design of an emergency heat distribu-
tion system for the containment vessel which employs heat pipes will now be discussed.
1. System Geometry
An idealized sketch of the containment vessel aftsr impact is shown in the cross-
section of Figure 33. The vessel thickness t is 5 in. , and the inner radius R is 6 ft.
The segment of the outer surface which is subtended by a 60-degree solid angle a is
buried in nonconductive soil to a depth H of 10. 3 in. The burial depth H is calculated
from
H = RCl - cos 8 I(93)
The segment of the great circle which lies within the adiabatic zone has a length
of 6.28 ft. The length is calculated from
1 =	 R57.3 
e	 (94)
The inner surface area S i
 is 452 ft2 . The outer surface area So
 is 519 ft2.
The inner surface area S in the adiabatic zone is 30.3 ft 2 , as established from the
equation
S = 2rR2 (1 - cos )	 (95)
The adiabatic zone occupies 6.67 per cent of the entire surface area; the nonadiabatic
zone occupies the remaining 93.3 per cent.
2. Afterheat Load
The maximum afterheat load which is incident on the inner surface of the con-
tainment vessel can be estimated from the rate of heat transfer from the nonadiabatic
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Figure 33. Containment Vessel Geometr y After Impact.
zone when the inner surface of the non-adiabatic zone has reached a maximum tempera -
tune T i . If the afterheat MIX incident on the inner surface is uniform over the entire
inner surface, as has been assumed, then 0.0667 of the heat removed from the non-
adiabatic zone will have originated in the adiabatic zone. This represents the heat
which must be transported by the heat pipes. An additional heat load is imposed on
the heat pipes which are exposed to the afterheat flux in the nonadiabatic zone. How-
ever, the added load is readily transported across the heat pipe diameter by evapor;i-
tion and condensation to the outer heat pipe surface, where it is conducted into the
containment vessel Nvall. This radial heat transport should have little effect on the
axial heat transport capacity of the heat pipes, and was neglected in this preliminary
investigation.
The rate at which afterheat is incident on the entire inner surface Q a
 , which is
also approximatel y equal to the rate of heat removal from the nonadiabatic zone, was
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calculated b y assuming heat removal be radiation from the outer noTiadiabatic surface
at temperature To to a 100o F heat sink. This assumption overestimates the heat re-
moval rate at a given surface temperature because a po: • tion of the nonadiabatic sur-
face which is -.djacent to the adiabatic zone will be radiating to a ground surface which
is considerable hotter than 1000 F. 'Che surface emissivity E was assumed to be 0. J.
The contribution of atmospheric natural convection to the removal of heat from
the outer surface of the adiabatic zone was neglected. For surface temperatures it,
excess of 10000 F, natural convection heat transfer is usualle small in comparison to
radiation heat transfer to a colt] heat sink.
The afterheat load (4a
 can then be expressed as
Q^t	 E	 I - 	 - So (1-4
 -1' 4 )(96)
5i 	 /
where Ts is the heat --ink temperature, the temperatures To and TV are absolute
values, and the Stefan-Boltzmann constant v has the value 1713 x 10 -12 Btu/hr-ft2 _ oB
The maximum hea t pipe load Q is then
S
Q	 Qa	 (97)t
The temperature T i of the inner surface of the containment vessel is obtained
from the conduction equation
Qa = l: \ -	 / S Ti - To )	 (98)
Si
where k is the thermal conductivity of We containment vessel wall and S is the aver-
age of the inner surface and outer surface areas. In the calculations, k was taken to
be 38 Btu/hr-ft- OF, which is approximately the thermal conductivity of columbium at
1200oF.
In Figure 34, the *maximum afterheat power, the maximum heat pipe power,
and the maximum temperature of the outer surface are plotted against the maximum
inner surface temperature. At a peak inner surface temperature of 2000 0 F, the after-
heat power is 4200 kw, the heat pipe power is 280 kw, and the outer surface tempera-
ture in the nonadiabatic zone is 16400 F. At a peak inner surface temperature of
12000F, the afterheat power is 1:300 kw, the heat pipe power is 82 kw, and the outer
surface temperature is 11000F.
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6In view of the present uncertaint y in the actual rate at which afterheat is inci-
dent on the inner surface of the containment vessel, the heat pipes Nvere designed to
handle the maximum heat pipe load at a temperature of 2000 o F. it was then estab-
lished that the heat pipes would be capable of handling the heat pipe loads at inner
surface temperatures as low as 10000F.
3. Hea t pipe Spacing
If the heat pipes are spaced the distance w apart, the incident heat in the adia-
batic zone v.-hich strikes the portions of the inner surface x%hick are not covered by
heat pipes will be conveved to the heat pipes by conduction through the containment
vessel wall. A solution to this two-dimensional thermal conduction problem was not
attempted.
Instead, a rough indication of the temperature drop AT was obtained from a
simple one-dimensional calculation using Equation (55). The one-dimensional prob-
lem is equiv,:lent to assuming that the incident heat flux Qa /S is applied to one end of
a laterally-insulated rod of length %w '2, when the temperature at the other end is
m, intained at Tp
 . Since the actual heat flow path between the maximum inner sur-
face temperature 'I' m and Tp is longer than w/2 and the mean heat flux along the heat
flow path is probabl y somewhat larger than Qa /S, the actual A T will be larger than
the AT obtained from the one-dimensional estimate.
The calculated temperature drop per unit of half-space between heat pipes
p T/(w/2) is shown in Figure 35 for inner surface temperatures in the nonadiabatic
section over the range 1100 O F to 20000 F. The gradients are significant in all cases.
Since, as was pointed out above, the gradients based on a one-dimensional calcula-
tion, are minimum values, the results of Figure 35 indicate that heat pipe spacings w
of an inch or less are necessary to keep the temperature of the heat pipes in the adia-
batic zone within a few degrees of the maximum temperature of the containment ves-
sel inner surface. A spacing w equal to one heat pipe diameter was therefore speci-
fied. For a 1-incli-diameter heat pipe (the largest diameter which was considered in
this study), Figure 35 indicates that T  - T p is 32.:30 F when T i = 20000F
4. Heat Pipe Dimensions
Bea:ause the heat pipe load will be distributed over the relativel y large number
of closely-spaced heat pipes which cover the inner surface of the adiabatic zone, a
conservative design approach can he taken which utilizes state-of-the-art heat pipe
technology . As will be shown, the heat pipes can be designed with a heat transport
capacity which is substantially greater than heat transport requirements at operating
temperatures of interest. A large excess heat transport capacity is considered highly
desirable for the present application, since a significant number of heat pipes could
presumably be damaged and deactivated as the result of impact loads produced during
impact.
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0The two-layer wick r ith an annular liquid sodium flow passage was selected be-
cause this wick type permits the use of thinner wicks and consequently smaller tem-
perature drops at heat pipe interchanges. Also, the margin of design conservatism
would be much smaller with a single-layer wick.
One of the disadvantages of the two-layer wick is that when the liquid does not
completely fill the wick, the liquid-vapor interface will extend into the liquid flow
annulus. Capillary forces will then be determined by the width of the flow annulus in-
stead of the smaller pore diameter of the porous wick la yer which is adjacent to the
vapor space. The reduced capillary force available in the flow annulus will restrict
the maximum height to w1iieh the heat pipe wick can be filled with liquid by capillary
action.
Once the wick has been filled, the liquid-vapor interface will lie within the
porous inner layer, and a much larger capillary force will now be available. Thus,
a relatively long heat pipe may be filled by allowing the heat pipe liquid to saturate
the wick while the heat pipe is in a horizontal position. Then the wick will remain
filled when the heat pipe is turned to the vertical.
The 3508 deceleration which accompanies the impact of the containment vessel
will create a liquid head which is far greater than can be supported by capillary forces
in the porous laver, unless the wick pore diameter is in the submicron range. Such
small pore sizes are beyond the present state-of-the-art. 'Therefore, the wick will
be denuded of heat pipe fluid, if the fluid is in liquid form. To insure a rewicking
capability after impact, the max"num vertical heat pipe height must not exceed that
which can be supported by the capillary force available in the liquid annulus. This
requirement was the controlling factor in the specification of heat pipe length.
It must be noted, however, that since the melting point of sodium, the heat pipe
fluid, is 2080F, the wick may well be filled with solid sodium at the time of impact.
Then, emptying of the wick might not occur, and a longer heat pipe than would be de-
termined from the criterion presented above might be permissible. However, in
view of the uncertainties associated with impact of a solid-sodium-filled wick on sub-
sequent wicking capability, the more conservative criterion based on rewicking capa-
bility for liquid sodium has been followed.
The heat pipes should also be designed to withstand the decelerative forces pro-
duced by impact with a minimum of physical damage. Ir this preliminary investiga-
tion, heat transfer characteristics of the emergency heat distribution system were of
primary concern, and an analysis of heat pipe structural response to impact was not
carried out. However, in recognition of the problem, the heat pipe wails and wicks
were made relatively thick in order to increase their resistance to deformation when
subjected to impact loads.
The use of a relatively thick porous wick layer is advantageous in another re-
spect. Since the density of liquid sodium decreases significantly with temperature,
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Rsome of the sodium in a wick which is fully saturated ;it low temperature will leave
the wick at higher temperatures and accumulate in the vapor spice at the end of the
condenser section. The portion of the heat pipe length within which liquid sodium
fills the vapor space is then no longer functional. If a relatively thick porous wick
layer is used, then the wick na y not have to be full\ • saturated with liquid at low tem-
perature. The inL'reasing volume of 3odiU111 which accompanies a temperature in-
crease ma y
 then be accommodated within the wick instead of the vapor space.
More specific aspects of the heat pipe &%-sign will now be discussed.
a.	 Ileat Pipe Length
A minimuin liquid sodium annulus thickness of 5 mils was selected. This thick
ness is believed obtainable within the present state-of-the-art, since heat pipe \^ icks
with a mean annular spacing of 5.9 mils have been constructed and successfull y oper-
ated. '0
In an annulus the minimum radius of curvature is t a ,'2 in the radial direction
and essentially infinite in the circumferential direction. Thus, only the curvatu r e of
the interface in the radial direction will contribute significant surface tension forces
to balance the difference between the vapor and liquid pre;sures across the interface.
The maximum pressure difference A PC across the liquid-vapor interface in a sodium
annulus of thickness t o
 which is not completely filled is then
P	 -	 °,	 =	
a-
	 (99)C
	
ta.2
	
to
where s is the surface tension. One basic requirement for self-Avicking capabilit y Of
a vertical heat pipe with an .innular liquid flow passage is that the maximum capillary
pressure A Pc
 be equal to or greater than the liquid head of height L  . Thus, we c;:n
write with the aid of Equation (25),
Pc t > w1 Lp
	(100)
where wl
 is the specific weight of the heat pipe liquid.
If the liquid-vapor interface cannot withstand liquid pressures greater thr_n the
vapor pressure, as is usuall y assumed, it can be shown that when the vapor pressure
P  is less than the liquid head, the liquid column will be in tension. The capability
of the liquid in a completel y
 filled wick to Nvitlistand tensile forces during operation
has been reported. 10 Wicks also app rentl y ILive the capability for self-filling while
the heat pipe liquid is in a state of te-asion. However, the tensile state in a liquid is
quasistable, and should be avoided i'. possible in design situations.
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fTherefore, the heat pipe length was determined front the requirement of Equa-
:Jon (100), and a minimum temperature T min was specified at which the vapor pres-
:3ure Pv would be larger than the liquid head. For temperatures above Tmin , the
existence of a completely filled, stable liquid annulus will he assured, and hence can
be used as a conservative basis for design. Once the :11111LIIUS has filled, the liquid-
vapor interface will shift into the adjacent fine-pored l\-icic laver, and much larger-
capillar y forces will then he available for h..Ilancing d\ , nanlic pressure drops in the
heat pipe fluid in addition to the static liquid pressure drop.
For a 5-mil-thick sodium annulus, 1'v	 'n, I)c	0.:;4 psi when T	 Tmill
10700 F. Then, solving for the heat pipe length Lp from Equation (100), Lp = 11.
in. Thus, a vertical heat pipe may be expected to be fully wicked with liquid sodium
if it is not more than a foot long and its temperature is greater than 10700 F. As was
pointed out above, the wicks of longer heat pipes at lower temperatures could be self-
filling, but more experil,lental data is needed to establish limiting lengths and tem-.
peratures for stable oper;l Lion.
b.	 Other Beat Pipe Dimensions
For purposes of preliminary analvsis, an outer~ heat pipe diameter d of 1 in.
was considered to be reasonable. Larger diameters would increasingly reduce the
available internal volume of the containment vessel, which nia1 , be needed for shield-
ing and other purposes. Smaller diameters would increase the total number of heat
pipes required.
It may be shown that the maximum heat load on a heat pipe Q occurs at the poles.
When the heat pipe spacing is 1 diameter, the maximum heat load Q is equal to the
product of the incident heat i?ux Qa /S and twice the projected area of a heat ripe. At
2000o F, when the incident heat flux is highest, the heat pipe heat load is 1. 51 kw.
The heat load falls off with temperature in the same manner as the total heat load Qa .
The heat pipe vapor space was assumed to have a cross-sectional area equal to
2/3 the heat pipe cross -sectional  area. The axial heat flux (based on vapor space
cross-sectional area) is shown as a function of heat pipe temperature in Figure 36,
along with the axial heat flux corresponding to isothermal and entrainment limits.
The entrainment limits are those corresponding to the lower limits of Equation (18).
The isothermal limit for sodium heat pipes .vas taken from figure 9. It is evident
from Figure 36 that heat pipe operation will not be restricted b y entrainment or ex-
cessive axial temperature drop for heat pipe temperatures ranging from 2000 O F down
to at least 10000F.
For the assumed wall thickness of 50 mils, the thickness-radius ratio is approxi-
mately 0. 1. At the maximum heat pipe temperature of 2000 0F, the internal vapor
pressure of sodium is 71 psi. Since the ratio of internal pressure to wall stress is
equal to the ratio of wall thickness to pipe radius, the wall is subjected to a maximum
tensile stress of 71 psi/0- 1 = 710 psi. The stress required for 1 per cent creep in
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1000 hr is an acceptable design criterion for the containment vessel heat pipes, since
they will be required to function only during the few hours or clays after a crash when
afterheat production is significant. The stress for 1 per cent creep in 1000 hr for the
columbium B66 alloy is 2000 psi. Since the heat pipe wall stress is well below this
figure, the wall thickness which was selected is adequate.
The resulting heat pipe cross-section is shown in Figure 37. The inner wick
thickness of 39 mils was a consequence of the specification of a vapor space area
equal to 2!3 the heat pipe cross-sectional area, a wall thickness of 50 mils, and an
annular liquid flow passage thickness of 5 mils. The porous wick is crimped at six
points along the circumference to maintain the desired 5 mil annular thickness. The
wick is sealed at its ends to prevent sodium vapor from making direct contact with
liquid sodium in the annular space.
C.	 Ww:: Pore Diameter
The wick pore ci:wmeter was established from capillary pumping limit considera-
tions. Calculations were performed using the appropriate equation from Equations
(49) to (52). The use of these equations is quite conservative for the containment
vessel heat pipes. The frictional pressure drop in the equations is based on the as-
sumption that the evaporation and condensation processes occur along separate sec-
tions of the heat pipe. In the containment vessel heat pipes, both processes occur in
the same section of pipe at interchange points in the heat pipe gridwork. At these lo-
cations, vapor which evaporates from the side exposed to the incident heat flux will
travel radially across the heat pipe and condense on the other side, having traveled
only a fraction of the total heat pipe length. Also, much of the liquid condensate need
only travel through the annular flow space along the heat pipe circumference in order
to reach an evaporation zone. Consequently, the required wick pore diameter as cal-
culated from the appropriate equation of Equations (49) to (52) should be considerably
smaller than the pore diameter actually required to overcome the fluid pressure
drops in the containment vessel heat pipes.
Another element of conservation was introduced into the calculations, when the
pressure drop in a vertical pipe due to the liquid sodium gravit y head was added to
the fluid pressure drops. First of all, the heat pipes in the adiabatic zone will be in-
clined by only a few degrees at most. Secondly, the general flow of heat will be out-
ward and upward from the adiabatic zone. Condensate will thus tend to form mostly
t	 at the upper portion of the heat i p	 pipes, and gravity will aid rather than impede conden-
sate flow, reducing rather than increasing the liquid pressure drop. However, failure
of heat pipes in the grid could require heat in some heat pipes to flow in a downward
direction, causing an increase in the liquid pressure drop.
i
	
	 Calculations were carried out initially at a heat pipe temperature of 20000F.
From Figure 12, and noting from Figure 37 that the vapor space diameter is 0. 816
in., the maximum heat inputs for laminar flow in the liquid and vapor phases are
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Figure 37. Cross-Section of Heat Pipe for Containment Vessel.
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624.6 and 2. 40 kw, respectively. Since the heat pipe load of 1.51 kw is below both of
these maxima, Equation (49) for laminar flow in hot!h the liquid and vapor was used.
It was found that a wick pore diameter of 132 microns = 13. 1 mils would meet
the capillary pumping requirement. A check of capillary pumping requirements at
lower temperatures showed that a wick pore diameter of 3:32 microns was more than
adequate at temperatures as low as 1100 0 F. It is also evident from Figure 36 that the
332-micron wick diameter will not cause entrainment problems. Ilowever, at some
undetermined temperature below 1100 0 F, the rapidly increasing vapor pressure drop
resulting from the sharp drop in vapor density will produce a situation where the heat
transport capacity as determined from capillary pumping considerations is less than
the heat load at that temperature.
Although a 332-micron pore diameter is more than adequate for operational re-
quirements, problems can be expected with the heat pipe rew icking capability. At a
given temperature, a mesh-tvpe structure can support a liquid column twice as high
as an annulus whose thickness is equal to the wick pore diameter. The greater lift
capability of the mesh-tvpe structure results from the fact that both principal radii of
curvature are equal to one-half the pore diameter, whereas in an annulus the princi-
pal radius of curvature in the circumferential direction is essentially infinite. Since
the liquid annulus thickness is 5 mils while the wick pore diameter is :332 microns
(13.1 mils), and the lifting capability varies inversely as these dimensions, the
column height which is supportable by the mesh-t ype structure is 2(5/13.1) = 0. 763
times that supportable by the annulus. A wick pore diameter no larger than
0. 763(332) = 353 microns is thus advisable.
It was decided to give the wick excess capillary pumping capability by selecting
a wick pore diameter of 100 microns. Such a wick should be fabricable from 100
mesh screen for which the spacing between wires is 5.6 mils = 142 microns. The
desired pore size of 100 microns could be obtained by wrapping several layers of
screen around a copper mandrel and then drawing the mandrel down in a die. Reduc-
tions of a factor of 2 in the effective pore diameter of wire mesh screens have been
achieved by this technique. 10
d.	 Minimum Nucleation Site Diameter for Boiling
Boiling should not be a problem in the wick. Since the temperature drop across
the wick is only 40 F, the vapor pressure at the heat pipe wall is about the same as
that in the vaper space, or 71 psi at 20000 F. From the capillary pumping calculation,
it was established that the maximum pressure differ ence between the vapor pressure
and the liquid pressure was 0. 8 psi. Boiling will occur if the difference between the
vapor and liquid pressures exceeds the maximum restraining pressure at a nucleation
site resulting from surface tension at the liquid-vapor interface. This can onl y hap-
pen if the diameter of some nucleation sites exceeds 332 microns. It is highly unlikely
that nucleation sites with diameters larger than 332 microns could exist in a liquid
metal system.
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C.	 Ileat Pipe \\'eight and Number of 11cat Pipes
The %%*eight of indiVidu:tl heat pipes is 0. ti 11). The %%eight per unit length is
0.0679 lb 'in. The total heat pipe weight can be found b% multipl y ing the weight per
unit length b y the total length 1. 1 of the LWO sets of circles of latitude. It can be shown
that
It s
r	 \"l 1 %2
I. l 	`7r I1 ^ C1 -^=^ J
 J	
(1011
i=1
where s is the Centel'-to-canter spacing between heat pipes along a polar axis and 1;
is the inner radius of the containment vessel. For the design under consideration,
s = 2 in. and It	 TL in. From Equation (101), L
	 :0,100 in. Then the lutal heat
pipe weight is (0. 0679 lb,'in. ) (50, 100 in. ) = :3400 fl).
The number of heat pipes is found I)v dividing t1w totil length 1. by the heal Kline
length Lp
 - 11. 7 in. When this operation is carried mit, the total number of hea t
pipes is calculated to he -1280.
e
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V. DISCUSSION OF RESULTS
The preliminary study of heat pipe applications in nuclear aircraft propulsion
systems has shown that heat pipes can be utilized in the reactor-to-jet engine heat
transport system and in the emergency afterheat distribution s ystem for the contain-
ment vessel. Such heat pipe systems appear to be feasible from the weight, volume,
and operational standpoints. The emergenc y heat distribution system was designed
within the limits of current heat pipe technology. Extrapolations of the current state-
of-the-art were necessary to meet the high-power-density requirements of the reac-
tor-to-jet engine heat transport system. The design aspects of each of these systems
will now be reviewed in some detail.
A.	 Reactor-to-.Iet-Engine Beat Transport System
The dimensions and internal construction of the heat pipes in the reactor heat
exchangers and the engine heat exchangers are comparable to those of sodium heat
pipes which have been constructed and operated on an experimental basis. The so-
dium heat pipes referred to are fabricated from stainless steel, operate at 1300 O F to
1500O F at thermal power levels up to 10 kw, and have wicks with pores 10-to-19
microns in diameter. 10, 11
The reactor exchanger heat ;pipes operate at 20000 1' to 2100 O F at a thermal
power of 60 kw, require wicks with 2-micron-diameter pores, and are fabricated
from TZM molybdenum. The high operating temperatures should pose no particular
problem, since TZM molybdenum has adequate strength at these temperatures. Al-
though the long-term compatibility of sodium with TZRI at 20000 F to 2100O F is not
believed to have been determined, the compatibility of potassium, a sister alkali ele-
ment, with TZM has been established in the NASA Rankine cycle technology program.15
The 2-micron wick pore diameter represents a five-fold reduction in +he mini-
mum pore diameter of 10 microns which has been reported. 11 Approaches which
may yield the requisite small pore size include: compressing and drawing down mul-
tilayers of very fine mesh screen, the use of one or more layers of porous metal, or
the sintering and drawing down of small-diameter mewl power or metal fibers. The
wick pore diameter of 2 microns arises from the need to prevent entrainment of the
heat pipe liquid by its vapor at the high heat transport rates for which the heat pipes
have been designed. However, entrainment limit data are quite limited, and the en-
trainment limits used for design are based on a single experiment. It is possible that
a wick structure which differs from that used in the experiment could yield a higher
entrainment limit, and a consequent increase in the allowable pore size.
In the two-laver wick which has been emploved, sodium flows axially through
an annular flow passage adjacent to the heat pipe wall, the inner wall of which is a
porous sheet. Successful operation of this wick type requires that the liquid in the
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R: , nnulus not be exposed to the heat pipe v:upor. If a v:lpor or gas bubl,lc in COW Wt
wAll, the vapor space were to spread across the width of the liquid annulus, the m.t\i-
mum pressure differential across the liquid-vapor interface would then he determined
by the annular gap thickness instead of the wick pore diam e ter. Since the g:up is usu-
ally much larger thin the wick pores, the capillar y pumping heat trnnsport limit could
chop shrrpl y , most lrrobabl y helow the actual he;ut tr:insport rate. Rapid di-vin(; out ^^f
the wick and cessation Of heat ;ripe operation could then be expected.
Vapor production ill 	 annulus could conceivabl y be stimulated b y exposure Io
nuclear radiation from the reactor core. Gas formation could result from the gradn:d
release and accumulation of gases which ma y have been adsorbed in the heat pipe Nk:ill
and wick or, in the case of heat pipes ; y hfch are exposed to the atmosollere, from Ow
diffusion of air through the heat pipe walls. Ilot spots which developed in the evapo-
rator section of t7%\ • o-laver wicks with annular wick !lo\c p;tssages after operation f(ir
several hours at high power levels have been ittriinited to the evolution of dissolved
gas in the heat pipe liquid. ` Testing of heat pipes wider expected operational ;ind en-
vironmental conditions is evidently a prerequisite for the determination of long-terns
reliability.
Design requirements for the engine heat exchanger heat pipes are less stringent
than for the reactor heat exchanger heat pipes, since the heat pipes operate at 1700oF
to 18600 F at power levels of 8 kw to 25 kw. :Although sodium heat pipes have been
fabricated from superalloys such as Ilastellm- \ and have operated successfull y for
thousands of hours (at temperatures generally below 14000 F), the long-term compati-
bility of thin-walled (12 mil) superalloy heat pipes with hot, flowing compressed sir
remaias to be established. Cons ider:utions affecting such long-term compatibilit y in-
clude: oxidation of the superallov, gradual internal buildup of gases and formation of
hot spots, and diffusion of nitrogen and ox y gen through the heat Dike walls.
Since almost all of the engine heat exchanger heat pipes are inclined from the
horizontal, the stabilit y of the liquid ill 	 flow annulus is :a matter of concern.
Should the column he shattered by vibrational or other exterrutl disturbances, refill-
ing of the wick would probab)c not he possible in those heat pipes with appreciable in-
clinations from the horizont;il hecause of insufficient capillary force in the annular
passage.
This problem suggests that special designs be devised to insure restart capa-
bility in vertical heat pipes in the event liquid is lost from the annular flow passage.
One possibility would he to fabricate the heat pipe wall from a material with a rela-
tively high coefficient of expansion and the porous wick from a materia. with a rel;u-
tively low coefficient of expansion. A suitable material for the wall might he a super-
allov with an expansion coefficient oil the order of 10 x 10
-6/oF. For the wick, a
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refractor y allov such as T7.M molvbdenum with an expansion coefficient of 3 x 10-6/0F
might be suitable. At relativel y low temperatures, such as would be encountered dur-
ing startup, the annular space between the will and porous wick would be small enough
that the capillary force developed in the annulus woulO be sufficient to fill the wick with
liquid. Then, as the temperature increased and approached the operating value, the
annular gap would increase to the width required for full power operation. It can be
shown that, using the wall and wick expansion coefficients mentioned above, the an-
nular gap width in a 1 /2-in. -diameter heat pipe can be varied from 1.2 mils at 20001
to 5 mils at 22000 1. The 1.2-mil width is sufficient to fill the wick with liquid sodium
over a vertical height of about 4 ft.
The use of a wick on the external surface of a heat pipe has been employed in
re-entrant heat pipes, :,-here a heat source is inserted into a tube whore outer surface
is wicked and in contact with heat pipe vapor. The use of dual-wicked heat pipes, for
which both internal and external surfaces are wicked, is believed to be an innovation.
Also, in the reactor and engine heat exchangers, thousands of heat pipes are used,
whereas only single re-entrant heat pipes are believed to have been tested thus far.
It is not known whether the two-layer, annular-t ype Nvick has been used in the re-
entrant configuration.
The adiabatic heat transport pipes represent a major extrapolation beyond cur-
rent heat pipe performance. The largest diameter of heat pipes which have been con-
structed is believed to be 1 in. , and the greatest length about 15 ft. The maximum
thermal power level which has been reported is about 10 kw. The adiabatic heat
transport pipes are almost 22 in. in diameter, have a maximum length of 100 ft, and
are rated at 75, 000 kw.
The capabilit y of a cold, two-layer, annular type wick to sustain a 4. 5 ft column
of liquid sodium has been demonstrated, but the wick of an adiabatic heat transport
pipe will be required to sustain a 26-ft high column of liquid sodium during startup.
Capillary forces in the annulus would not be. capable of refilling the wick if the liquid
column were fractured. It then might be necessary to flood the entire pipe with liquid
sodium to refill the wick and then drain the sodium from the vapor space. A prefer-
able alternative might be to maintain the temperature of the adiabatic heat pipes near
the operating temperature with electrical heaters mounted on the external surface, to
avoid conditions for which the liquid column would be in tension. Since the external
surface will be thermally insulated, auxiliary electrical power requirements for this
purpose need not be excessive.
A large fraction of the estimated weight of the reactor-to-jet engine heat trans-
port system is accounted for by the walls of the adiabatic heat transport pipes and the
engine heat exchangers. These walls are relatively thick in order to prevent buckling
of the walls by
 atmospheric pressure «hen the system is cold and the internal vapor
pressure is negligible. As was pointed out in the main body of the report, significant
weight saving: ma y br achievable here b y the use of more elaborate design techniques
to stiffen the walls.
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IAdditional factors responsible for the subst:intial weight of the adiabatic heat
pipes are the long heat transport paths between the reactor and the wing-mounted en-
gines. Relocation of the engines to a position oil the aircraft closer to the reactor
would permit substantial reductions in the weight of the adiabatic neat transport pipes.
S'ich a step would also ease the desigli problems associated with the large difference
in elevation between the ends of the adiabatic hi :it pipes, particularly when the air-
craft is engaged in banking maneuvers.
P,.	 f mergency Afterlicat Distribution system for Containment Vessel
In contrast to the reactor-to-jet engine heat transport system, the emergence
afterheat distribution system utilizes heat pipes whose c1Lt racteristics are within the
current state-of-the-art. The heat loads involved can casiIN , be accommodated over
a wide range of containment vessel temperatures ranging from 2000°F to below
'_000°F. The wicks are assured of bein' refilled after impact at temperatures above
1070°F, and may be refillable at considerabl y lower temperatures.
The capabilit y of the heat pipes to resist impact was not explored during the
shady, although the need for resisUince to impact loads was recognized by the use of
relatively thick heat pipe wills and wicks.
The complexities of problem anal y sis did not permit an assessment of the tem-
perature drop along the surface of the containment vessel between the center of the
adiabatic zone and the opposite pole. Such :in assessment is quite important, since it
determines allowable surface temperatures in the nonadiahatic or heat--d istrihuting
zone, and hence the maximum rate at which afterheat can he dissipated. Deterniini-
tion of the temper-iture strop requires the solution of a heat transfer problem invol\-ing
three-dimensional, spherical t;eometrv, which takes into account conduction through
the containment vessel, radiation from its surface, conduction through the walls of
contiguous heat pipes at interchange points in the heat pike grid, and heat transport
processes within the heat pipe interiors. The solution of this problem was be yond the
scope of a preliminary evaluation.
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VI. CONCLUDING REMARKS
The preliminary investigation of heat pipe applications for nuclear aircraft
propulsion systems hr.s shown that viable designs can be devised for reactor-to-jet
engine and emergency afterheat heat transport systems for which the heat transport
is accomplished solely with heat pipes. Sodium appears to be the optimum heat pipe
fluid for these s ystems. \Vith such heat pipe s y stems, the required heat transport is
accomplished by a self-actwited process of internal convection which completely eli-
minates the need for external pumps and power supplies.
The design characteristics of the reactor-to-;-t engine heat transport system
have been established reasonably well by preliminary anal ysis, but further studies
are needed in the areas of structural design and optimum integration with the nuclear
aircraft. A comparison should also be made with high pressure helium and liquid
metal heat transport systems. If the heat pipe system compares favorable with these
competitive systems, additional design studies would be warranted in which heat pipe
characteristics, temperatures, and materials are closer to the current state-of-the-
art. In order to achieve heat pipe performance which is compatible with the require-
ments of a nuclear aircraft propulsion system, extrapolation of heat pipe character-
istics be yond what has been demonstrated to date was necessary. While these extra-
polations appear to be reasonable and in accord with theoretical predictions of heat
pipe performance, experimental verification of predicted heat pipe performance would
he desirable to substantiate the feasibility of the preliminary designs.
The purpose of an experimental effort should be twofold. First, the capability
of the heat pipes to meet required performance objectives should be established. Sec-
ond, the capability of the heat pipes to sustain the required performance for extended
periods of time under anticipated environmental conditions should be demonstrated.
The major performance areas where design predictions require experimental
evaluation include: axial heat flux, surface heat flux, operating temperature, and
startup and operational stability of vertically-oriented heat pipes with the evaporator
section at the top. An axial heat flux of at least 300 kw/in. 2 is required in the reac-
tor heat pipes if they are to fit within an acceptably compact reactor. The principal
limitation on axial heat flux appears to be entrainment of the heat pipe liquid by high
velocity vapor. The limited data -vailable on entrainment indicates that the reactor
heat pipes wiil require wicks with a pore diameter of 2 microns and must operate at
2000O F in order to achieve the desired axial power density without entrainment. This
pore size represents a five-fold reduction in the minimum pore size which has been
used in a heat pipe. It is possible that wick structures with greater resistance to en-
trainment than has been reported can be devised. In that event, the required axial
heat flux of 300 kw/in . 2 would be achievable with wick pore diameters larger than 2
microns at temperatures below 20000F.
I
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A surface heat flux of about 2 kw/in. 2 (10 6 Btu/hr-ft 2 ) is required for accept-
able compactness in the n_%tetor, the reactor heat exchangers, and the engine heat
exchangers. The principal limitation here is the onset of boiling in the evaporator
section of the heat pipe wick. In the rea-2tor heat pipes, nueleatior site diameters at
which boiling could commence must be less than 2 microns in diameter if boiling is
to be avoided at a surface heat flux of 2 kw; in. 2.
In the two-laver, annul;u' t ype of wick which has been used, capi l lar y forces in
the annulus are insufficient to keep the wick full when the heat pipes are inclined sig-
nificantl y from the horizontal. Capillar y forces in the porous wick 1: vcc are suffi-
cient, however. If the liquid column should be disrupted by external forces such as
vibration or shock, the liquid-vapor interface would extend into the annular gap, and
the capillary force available in the gap rather than the wick pores would then be con-
trolling. Under these circumstances, the level of liquid in the wick would drop, and
heat pipe operation would be disrupted. Consequentl y , the adiabatic heat pipes and
the vertical heat pipes in the engine heat exchangers must be stable against influences
which would tend to disrupt the liquid column in the wick.
Performance requirements in the heat pipes in the engine heat exchanger are
less stringent. Axial and surface heat fluxes are about one-half those in the reactor
heat pipes at temperatures of 1700 O F to 18500F.
The adiabatic heat transport pipes are notable for their large heat transport
capability and the large difference in elevation between the reactor and engine ends.
The pipes are rated at 75, 000 knv. They are almost 22 in. in diameter, and the long-
est pipes (to the outboard engines) are 100 ft long. When the nuclear aircraft is
undergoing a 30 degree bank, the reactor end is 59 ft higher than the outboard engine
end. The adiabatic heat transport pipes operate at about 1860 O F at an axial heat flux
of about 240 kw /in. 2 . An initial experimental evaluation of the adiabatic heat trans-
port pipes would most likel y be scaled down in thermal power b y at least a factor of
100, while retaining the full scale axial heat flux and operating temperature.
Since the heat pipes in the emergenc y afterheat distribution s ystem for the con-
tainment vessel are within the state-of-the-art from both the performance and design
standpoints, experimental studies of heat pipe performance are not believed necessary
for verification of the design concept. However, a demonstration of rewicking capa-
bility in vertical heat pipes following disruption of the liquid sodium would be desirable.
Of more pressing importar_ce to the feasibility of the emergency afterheat dis-
tribution design concept tre the i esponse of the heat pipe gridwork to impact forces
and the temperature distribution along the containment vessel between the center of
the adiabatic zone and the opposite pole. Neither of these factors could be explored
during the preliminary investigation, yet knowledge of each is vital to a complete
evaluation of s4-stem feasibility.
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If an experimental program were to be carried out for the purpose of verifving
the performance capabilit y of heat pipes in the reactor-to-jet engine heat transport
system, the following tasks would most probably be included:
1. A heat pipe suitable for use in the reactor he ,-t exchangers should be designed,
constructed, and tested horizontall y and while inclined at various angles. The tests
should demonstrate that the heat pipe can operate at a minimum axial heat flux of
300 k-w/in. 2 and a minimum surface heat flux of 2 kw/in. 2 at a surface heat pipe tem-
perature of 2100 0 F or less.
The heat pipe should preferably have the dimensions of a full-scale reactor heat
pipe (about 0.6 in. in diameter and 39 in. long), and operate at a thermal power level
of about 60 kw. However, a smaller pipe which retains the desired axial and surface
heat fluxes would also be acceptable.
Subsequent to demonstration of the above performance capabilities, the heat
pipe should be subjected to a full-power, 500-hr test in a nonnuclear environment,
followed by a 500-hr full power test in a nuclear environment characteristic of that
expected in an aircraft reactor.
2. A heat pipe suitable for use in the engine heat exchangers should be designed,
constructed, and tested in horizontal and vertical positions. The tests should demon-
strate that the heat pipe can operate at a minimum axial heat flux of 120 kw/in. 2 and
a minimum surface heat flux of 0.8 kw/in. 2 at a surface heat pipe temperature of
1750O F or less. Also demonstrated should be the capability of a vertical heat pipe to
start cold in a vertical position with the evaporator section at the top. The sensitivity
of vertical heat pipes to external forces during startup and during operation should
also be evaluated.
The heat pipe should preferably have the dimensions of a full-scale engine heat
exchanger heat pipe (about 0. 5 in. in diameter and 36 in. long) and operate at a ther-
mal power level of about 25 kw. However,a smaller pipewhich retains the desired
axial and surface heat fluxes would also be acceptable.
Subsequent to demonstration of the above performance capabilities, the heat
pipe should be subjected to a full-power, 1000-hr test in which heat is removed by
compressed air at 540 O Fand 70 psia flowing at a rate of about 3.3 lb/sec.
3. A scale model of an adiabatic heal transport pipe should be designed, construc-
ted, and tested in a vertical position. The tests should demonstrate that the heat pipe
can operate at a minimum axial heat flux of 240 kw/in. 2
 at a temperature of 1niHOF
or less. The capability of the heat pipe to start cold with the evaporator section at
the top should be evaluated. The sensitivity of the heat pipe to external forces during
startup and during operation should also be evaluated.
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RThe heat pipe should operate at about 1/100th the power level of the full-scale
adiabadi: heal pipe, or at a thermal power level of about 750 kw. The dimensions of
the scale model should be approximatel y 2 in. in diameter and 10 ft long. Considera-
tion should be given to adding heat through re-entrant heat pipes extending through the
end cap at the evaporator section.
Subsequent to demonstration of the above perfornuince capabilities, the heat
pipe should be subjected to a full-po%ver, 1000-hr test in an atmospheric environment.
If a heat pipe s ystem for emergency distribution of afterheat over the contain-
ment vessel surface is given further consideration, the following anal ytical studies
would be desirable:
1. A detailed heat transfer analysis should be carried out to determine the tempera-
ture distribution in the emergenc y afterheat removal s ystem for the reactor contain-
ment vessel. An anal y tical model which accuratel y describes all the heat transfer
phenomena involved should be devised and programmed for a computer. The tempera-
ture distribution should then be calculated for various heat pipe dimensions and spa-
cings. The temperature distribution when some of the heat pipes are inoperative
should also be evaluated.
2. Studies of the response of the emergency afterheat removal s ystem to impact
loads should be performed. The studies should indicate the heat pipe dimensions
which are required to withstand ground impact without structural failure or perma-
nent deformation.
1	
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VII. LIST OF SYMBOLS
ik
A area
C sonic velocity of vapor
C D drag coefficient
C f friction factor for flow across tube bank
Ch heat transfer factor for flow across tube bank
D diameter
E modulus of elasticity
G mass flow rate per unit free flow area
H burial depth of containment vessel
L lengtn
N number of heat pipes
NTU number of heat transfer units
P pressure, wetted perimeter of flow passage
Pr Prandtl number
Q heat transport rate through heat pipe
Qa rate at which afterheat is incident on containment vessel
Qr reactor thermal power
Qs heat transport rate at sonic velocity
R radius, gas constant
Re Revnolds number
S surface area
St Stanton number
T temperature
V velocity
_W mass flow rate
X mean spacing between heat pipes
C  specific heat
d diameter
f coefficient of friction
g acceleration of gravity
h heat transfer coefficient
k thermal conductivity
1 length
m number of heat pipe rows
n number of heat pipes per row
q surface heat flux
qm surface mass flux
r radius
t thickness
V mean specific volume
w specific weight, spacing between heat pipes
y gas concentration
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Ia	 mass diffusion coefficient
y	 ratio of thermal power for laminar flow to total heat pipe thermal
power
C	 average height of surface irregularities, heat exchanger effectiveness,
emissivity
e	 ;angle
K	 heat of vaporization
µ	 viscosity
v	 Poisson's ratio
axial heat flux
P	 density
surface tension, Stefan-Boltzmann constant
factor in momentum pressure change equations
Subscripts
a adiabatic, annular, air
b bubble
c condenser, curvature, capillary, free flow, cold
e evaporator, enclosure
f friction, frontal
h head, h ydraulic, heat pipe surface
i inlet, inner
1 liquid, laminar, latitude
M momentum, maximum
min minimum
n nucleation site
o exit, outer, ioeginning
p pore, wick, heat pipe
s sonic, saturation, wall
t turbulent, transverse
v vapor
w wall
Superscript
Prime ( I )	 evaporator exit
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